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FLIGHT TEST AND ANALYSIS OF A METHOD FOR REDUCING
RADIO ATTENUATION DURING HYPERSONIC FLIGHT*

By William F. Cuddihy, Ivan E. Beckwith,
and Lyle C. Schroeder
Langley Research Center

SUMMARY

A method of overcoming ionization blackout of radio communication from a hyper-
sonic vehicle by injecting water into the flow field was verified by a flight test. The test
vehicle was a 9° half-angle cone-cylinder with a spherically blunted nose of 4-inch
(10.2-cm) radius. Attenuation levels with and without water injection were measured
during the ascending portion of the trajectory for radio frequencies of 30.8, 225.7, 244.3,
5600, and 9210 megacycles. Data were obtained up to the peak altitude of 290 000 feet
(88.4 km). The maximum flight velocity was 17 840 feet per second (5.438 km/sec).
Water was injected intermittently from orifices located in the stagnation region and just
aft of the sphere-cone junction. Water injection was found to cause complete or substan-
tial recovery of the 30.8-, 225.7-, and 244.3-megacycle signals. The 244.3-megacycle
signal was completely blacked out during periods of no injection. The 5600- and
9210-megacycle signals were not noticeably attenuated at any time throughout the flight
test. For the flight test conditions, stagnation injection was more efficient than side
injection.

Various mechanisms that could be responsible for the reduction in free electrons
and subsequent signal recovery are discussed and analyzed. During stagnation injection,
the mechanisms of aerodynamic shaping (modification of the bow shock to a pointed shape)
and stagnation cooling may have contributed to the reduction of free electrons. For side
injection, the analysis indicates that homogeneous cooling due to evaporation and dissocia-
tion of the injected water could contribute significantly to electron removal if ionized gas
flow times in the vicinity of the vehicle were large compared with recombination times.
Calculations indicate, however, that heterogeneous reactions which occur on or near the
surface of the water droplets are the predominant mechanism for electron removal during
side injection.

*Title, Unclassified.
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The loss of radio communication with hypersonic vehicles is known to be caused by
the free electrons in the plasma layer that surrounds the vehicle. Free electrons in the
plasma interact with electromagnetic radiation to and from the vehicle and cause signal
attenuation (refs. 1 to 5, for example). The plasma results from thermal ionization of
the constituents of the air as it is compressed and heated by the strong bow shock or
heated within the boundary layer next to the surface (refs. 2, 4, and 6). In general, when
the plasma frequency approaches the radio-signal frequency, the signal is greatly atten-
uated or lost altogether. The plasma frequency is proportional to the square root of the
concentration of free electrons in the ionized gas. It would therefore be expected that
the addition of a foreign material which tends to reduce the electron concentration would
also have the effect of improving radio transmission. This effect has been observed in
the present flight experiments as well as in ground facility tests (refs. 7 and 8), in a
flight test in which signal attenuation due to rocket exhaust was observed (ref. 9), and in
a Gemini-Titan 3 experiment (refs. 10 and 11).

There are several possible mechanisms that might account for the reduction in free
electron concentration due to material addition: (1) increased recombination of electrons
and ions and increased molecular or atomic attachment of electrons as a result of reduced
temperatures and increased density (homogeneous cooling and electrophilic action); (2)
reduced ion formation in the stagnation region during stagnation injection (stagnation
cooling effect); (3) modification of the bow shock shape by forward injection from the stag-
nation region (aerodynamic shaping); (4) recombination of electrons with ions on or near
the surface of solid particles or droplets (heterogeneous reactions); and (5) attachment or
absorption of electrons at the surface of particles or droplets (surface attachment). In
any given situation, one or more of these mechanisms could be responsible for the
observed effects, depending on the flow configuration, mode of injection, and composition
of the injected material. Methods are well developed for the quantitative evaluation of
electron concentration and distribution in the uncontaminated flow fields of hypersonic
vehicles (refs. 6, 12, 13, and 14). When foreign materials are added, either as products
of ablation or for the purpose considered herein, the cooling action can be evaluated if all
chemical and evaporation processes are assumed to be in equilibrium. For typical flight
conditions where nonequilibrium effects predominate, the chemical reactions and their
rate constants for both homogeneous and heterogeneous reactions are not well known.
Also, in the case of water addition, the important parameters of liquid droplet size,
evaporation rates, and other fluid mechanics aspects of the flow are not well known. For
these reasons, accurate calculations of the effects of water addition on the plasma char-
acteristics are not yet possible. Estimates of the electrophilic action of carbon tetra-
chloride have been made in reference 15. In reference 16, a theoretical analysis of the

2 M
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effect of recombination of electrons and ions at the surface of droplets is given. The
results of these investigations indicate that, with the assumptions and conditions used,
the electrophilic action of some gases and recombination on the surface of droplets may
both be very effective in reducing electron concentrations.

In reference 17, an experimental study of the effects of water sprays on suppressing
ion and electron concentrations in seeded laboratory combustion plasmas is described.
The results indicated that free electron concentrations are reduced very rapidly by three
or four orders of magnitude by ion-electron recombination processes involving the water
droplets as sticky third bodies, that is, by heterogeneous recombination processes. The
results of reference 17 also indicated that attachment or electrophilic processes were not
important for water addition. In reference 11, a quasi-one-dimensional method for
estimating the effects of water injection on the flow conditions and electron concentra-
tions in the shock layer of a supersonic vehicle was applied to the same flight conditions
as those of the present report. The results indicated that the principal mechanism
for electron suppression with side injection during the RAM B2 flight was the hetero-
geneous reactions. Furthermore, the values of an efficiency factor for the heterogene-
ous recombination of electrons and ions as deduced from the flight results can be shown
to be in good agreement with the laboratory results of reference 17 and the theoretical
predictions of reference 16.

The effectiveness and efficiency of mechanisms (1), (2), (4), and (5) depend on the
proper location, penetration, and distribution of the injected material in the flow field.
Mechanism (3) may depend primarily on the forward momentum of the injected liquid.
These fluid mechanics aspects of the problem have been considered in reference 18,
which is a report of an experimental and theoretical investigation of liquid injection and
evaporation processes in the flow fields of hypersonic vehicles.

The complete simulation of a reentry plasma and other flight conditions is not pos-
sible in a ground facility. Therefore, the RAM B2 flight was undertaken with the principal
objective of testing the concept of electron suppression by water injection under actual
reentry blackout conditions. Secondary objectives were to determine the amount of water
required to alleviate blackout and to examine the relative effects of injection from the
stagnation point and from the sides of the vehicle. This report presents the radio atten-
vation data obtained. Possible mechanisms for electron suppression are analyzed in
some detail in relation to the flight results and conditions. The flight test was carried
out as part of the RAM (Radio Attenuation Measurement) research program at the NASA
Langley Research Center. References 19 to 29 give some results obtained in this pro-
gram, A preliminary report of the attenuation results of the present flight test is given
in reference 30. The RAM B2 vehicle design and performance are given in reference 31.
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_ The RAM B3 vehicle, which was identical in size and shape to the present vehicle,
was flown on April 10, 1964. The primary purpose of the RAM B3 flight test was to
obtain local measurements of electron concentration in an uncontaminated flow field, that
is, for no material addition. Experimental results and a preliminary analysis are given
in reference 32. Complete flow field calculations for the RAM B3 flight are reported in
reference 33. Since the RAM B3 trajectory was essentially the same as that of the pres-
ent test vehicle, the data obtained in the test of reference 32 and the calculations of ref-
erence 33 are applicable to the present conditions during water-off periods.

Appendix A of this report, by Ivan E. Beckwith, Dennis M. Bushnell, and J. L. Hunt,
presents an analysis and calculations of a cooling mechanism for reduction in electron
concentration. Ivan E. Beckwith and Sadie P. Livingston wrote appendix B, which pre-
sents a quasi-one-dimensional theory for mean droplet motion and evaporation. Appen-
dix C, by Ivan E. Beckwith, presents an analysis of free electron depletion by heterogene-
ous reactions.

SYMBOLS
The units used for the physical quantities defined in this paper are given both in
the U.S. Customary Units and in the International System of Units (SI). Factors relating

the two systems are given in reference 34.

A cross-sectional area of flow, feet? (metersz); or function of M in
equation (B14) for drag coefficient (see appendix B and table III)

Cp droplet drag coefficient
CD,B body drag coefficient
CD,C continuum droplet drag coefficient (appendix B)

CD’ FM free molecule droplet drag coefficient (appendix B)

(CD>M=O droplet drag coefficient for M =0

Cp pressure coefficient

Ep pressure coefficient normalized with respect to stagnation point value,
_Sp
Cp, max

4 | m
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specific heat

frozen specific heat

total body drag back to station 2, pounds force (newtons)
model nose diameter, feet (meters)

orifice diameter, inches (centimeters)

voltage

force, pounds force (newtons)

frequency, cycles/second

capture efficiency factor (eq. (C6) of appendix C)

mean effective value of £,

fraction of intercepted flow contained in end of mixing region
resonant frequency, cycles/second

frequency difference required to give a VSWR of 3 on either side of resonance,
cycles/second

stagnation enthalpy per unit mass, feet2/ second? (Joules/ kilogram);
or hydrogen

static enthalpy per unit mass, feet?/second2 (Joules/kilogram)
thermal conductivity

latent heat of liquid

Mach number

molecular weight




NNu, FM

NRe,f

Nst

mass, pounds (kilograms)

mass flow rate, pounds/second (kilograms/second)
number of injection orifices or nitrogen

electron number density, electrons/cm3

droplet number density, droplets/cm3

Nusselt number for heat transfer to droplets
continuum Nusselt number (eq. (B19))

free molecule Nusselt number (eq. (B20))

Prandtl number

pmV2r
film Reynolds number,

free molecule Stanton number (eq. (B21))
function of M in equation (B14) for drag coefficient (appendix B)
number of free electrons removed from gas flow per drop

pressure, pounds/foot2 or atmospheres (Newtons/meter2)
(1 atm = 1 X 109 N/m2)

ambient pressure near injection site

1o

characteristic number for antenna bandwidth, N

heat-transfer rate per unit area to droplet

ratio of droplet radius to the initial value, r—rl

R

gas constant of mixture, —
Mm
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universal gas constant, energy/mole

droplet radius, feet (microns) (1 micron = 1 micrometer)
radius of effective capture cross section of droplet

body radius of vehicle

radius of intercepted stream tube (see appendix A)

nose radius of vehicle, inches (centimeters)

radius to r; streamline at station 2 (appendix A)

\
V2R, T

temperature, ORankine (©9Kelvin)

speed ratio,

. e \(V;
momentum ratio parameter, = Vo
ref/\Y =

time, seconds
velocity, feet/second (meters/second)

droplet velocity, feet/second (meters/second)

mean thermal electron velocity, feet/second (meters/second)

liquid velocity at injection site, feet/second (meters/second)

PV,
specific mass flow parameter,

oo ' OO

ratio of coolant mass flow to air mass flow entrained in mixing region,

body coordinate axes with origin at injection site and X-axis alined with free

stream (see sketch (a) in appendix A)
distance along X-axis, inches (meters)

mole fraction of species i
“ UNCLASSIFIED
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Y max maximum penetration of liquid spray in Y-direction, inches (meters)

distance in Y-direction from vehicle surface to maximum spray penetration,
inches (meters)

z altitude, feet (meters)

B constant in exponential expression for atmospheric density

v ratio of specific heats

oy bow shock standoff distance (or forward penetration of liquid jet or spray),

feet (meters)

5y shock layer thickness in Y-direction, inches (meters)
1,0 droplet recovery factor for zero mass transfer

Mr, FM free molecule recovery factor for sphere

6 semivertex angle of cone

6; injection angle of liquid (appendix A)

fs angular spread of liquid spray in lateral direction (appendix A)
i viscosity

p density, pounds/foot3 (kilograms/meter3)

Subscripts:

a air

av average

aw for zero heat transfer at surface of droplet

c coolant

8 R |
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electron
evaluated at mean temperature of droplet film
gas just upstream of injection site
liquid
mixture of air and water vapor
maximum value
minimum value
reierence quantity
saturated liquid or vapor
total
vapor
surface of droplet
X-direction

Y -direction

just upstream of injection site, or for zero mass transfer

at injection site

downstream station at end of mixing region

free stream ahead of bow shock
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Launch Vehicle

The launch vehicle was an unguided, three-stage configuration with solid propellant
rocket motors. It was designed to place a 175-pound (79.5-kg) payload on an ascending
trajectory at an altitude of 180 000 feet (54.9 km) with a velocity of about 18 000 ft/sec
(5.5 km/sec). The first and second stages consisted of the Castor-E8 and Antares-IAl
rocket motors, respectively, and were aerodynamically stabilized by means of swept fins.
The third stage consisted of the Alcor rocket motor and the test vehicle, which was flare
stabilized. Shortly after launch the vehicle was spun up to approximately 3 revolutions
per second by means of two Hotseat rocket motors attached on opposite sides of the first-
stage motor. Figure 1 is a drawing of the vehicle. Complete details on the rocket
motors and construction of the launch vehicle are given in reference 31.

Test Vehicle

The test vehicle or payload was a 9° half-angle cone-cylinder-flare configuration
with a spherically blunted nose of 4-inch (10.2-cm) radius. The diameter of the cylin-
drical section was 22 inches (55.8 cm). The total length of the test vehicle including the
139 half-angle flare was 138.2 inches (351 cm). In order to provide a flow field with a
minimum of ablation products, the forward portion of the vehicle was constructed of a
beryllium shell that varied in thickness from 1.5 inches (3.81 cm) at the stagnation point
to 0.16 inch (0.4 cm) at the downstream end. The axial length of this beryllium heat sink
was 18.81 inches (47.8 cm). The rest of the test vehicle was protected by an ablation
material consisting of a modified epoxy resin. Figure 2 shows the antenna locations and
the injection sites, and figure 3 shows the internal arrangement of the water tank, the
rotary distribution valve, and other equipment in the nose portion of the vehicle. A com-
plete description of the test vehicle including the interior layout and construction detail
is given in reference 31.

Communications Systems

Radio-frequency systems.- The radio-frequency (rf) systems flown are described
in order of the location of their antennas, beginning with the most forward and proceeding
aft. Information about antenna station, signal frequency, antenna gain, voltage standing-
wave ratio (VSWR), bandwidth, transmitter power, and signal margin is given in the fol-
lowing table. The signal margin from the vehicle to the Wallops Island station was cal-
culated for the vehicle location at the time of third-stage burnout (the time of maximum
velocity).

10 M

- UNCLASSIFIED




UNCLASSIEIED:

Gt AT

Vehicle antenna station g, equency, | Antenna gain, ‘VSWR Bandwidth, Traré?”me;tter r?llz%;lgsn

in. cm Mc/sec dB Mc/sec Ezvatts, (Wallops),
(a) dB
T.4to 18.4| 18.8 to 46.7 244.3 -8 2:1 1.6 8 37
17.4 44.2 9210 -3 1000 (peak) 20
47.4 120.3 30.8 -2 3:1 2.2 1 33
92.7 to 121.0}235.5 to 307.3 225.7 0 2:1 4 10 38
121.0 307.3 5600 1 400 (peak) 7

2 Antenna gain is based on the gain of a standard dipole.

The 244.3-Mc antenna was a 0.5- by 12-inch (1.3- by 30.5-cm) alumina-filled slot
which served as the delayed-time telemetry link., A typical radiation pattern is shown
in figure 4(a).

The X-band (9210-Mc) system used four antennas spaced around the periphery of
the vehicle, and the signal transmitted was a free-running beacon. The 30.8-Mc antenna
used the front and aft parts of the test vehicle as a dipole. This system transmitted an
unmodulated signal, and a typical radiation pattern is shown in figure 4(b).

The 225.7-Mc antenna was a coaxial horn antenna composed of structural members
of the flare. This system served as the real-time telemetry system, and a typical radia-
tion pattern is shown in figure 4(c). The C-band (5600-Mc) system was a rearward-
looking radar beacon. This transponder signal was used for real-time tracking of the
vehicle.

The differences in location and construction of the antennas have been noted. The
differences in the bandwidth characteristics of the antennas should be emphasized since
a plasma may have adverse effects on transmission by antenna detuning (ref. 35). The
244.3-Mc antenna was the most sharply tuned with Q = 97. The 30.8-Mc antenna
was the most broadly tuned with Q = 14. The 225.7-Mc antenna was also broadly tuned
with Q = 25.

Telemetry.- The onboard telemetry was an FM/FM system of 14 standard Inter-
Range Instrumentation Group (IRIG) subcarrier frequency data channels which modulated
two separated rf links to the ground receiving stations. The 225.7-Mc antenna (aft)
relayed real-time data, while the 244.3-Mc antenna relayed data delayed 80 seconds by a
continuous-loop tape recorder. Figure 5 is a block diagram of the telemetry system
showing instrumentation, battery, and transmitter utilization. The information telem-
etered consists of the following: (1) RF system information including the VSWR and
transmitter temperature of the 244.3-Mc, 225.7-Mc, X-band, and 30.8-Mc systems, and
the VHF antenna impedances; (2) vehicle data, consisting of data from accelerometers,
vibrometers, skin-temperature indicators, pressure sensors to determine vehicle angle
of attack, and a sun scanner to determine roll rate and orientation (these data are dis-
cussed in ref. 31); and (3) water-injection-system data, consisting of the pressure in the
water tank and at the injection nozzles, position of the rotary valve, and the time at which

UNCLASSIFIED
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water injection started. The water-injection system was monitored to determine whether
or not the system was functioning correctly, and to determine the output flow rate of the
system during flight. These data were provided by four sensors as follows: a thermistor
bonded to the squib valve indicating when water injection started; a transducer measuring
tank pressure; a cam-operated switch which referenced the position of the rotary valve in
the programed water injection cycle; and a transducer on the largest side nozzle supply
tube which redundantly referenced the position in the cycle and gave an indication of out-
put pressure. These data were supplemented during prelaunch check-out by monitoring

a thermocouple sensing tank temperature and a meter indicating external current sup-
plied to the motor.

Range stations.- Locations of the receiving stations used during the flight are
shown in figure 6. Receiving stations were located at Wallops Station, Virginia; Langley
Station, Virginia; Coquina Beach, North Carolina; on a ship in the Atlantic Ocean
315 nautical miles (584 km) from the launch site on an azimuth of 124.4%; and at Bermuda.
A list of the receiving systems with pertinent characteristics is given in table I. The
flight path and time history of the test vehicle during the primary data period (from 100
to 200 sec) are given in figure 6.

Water Injection System

The water injection system had to conform to the following design requirements:
(1) a known range of flow rates was to be supplied separately at the stagnation and the
side injection sites; (2) water was to be injected out of both sides simultaneously to mini-
mize undesirable vehicle motions; and (3) during a given injection cycle, the flow rate was
to be varied without appreciably affecting the penetration and atomization. This latter
requirement could be satisfied by maintaining the pressure drop across the nozzles as
nearly constant as possible. Therefore the flow rate was varied by changing the number
of nozzles used during an injection cycle rather than by throttling the pressure in the
supply tube. A schematic of the water injection system is shown in figure 7. The basic
components are tank, squib valve, feed tubes, rotary valve and drive motor, cam switch,
check valves, and injection nozzles. Some of these items will be discussed briefly.

Tank.- The water tank was an 11-inch (27.9-cm) inside-diameter aluminum sphere.
The tank was loaded with 22 pounds (10.0 kg) of water, and the remaining volume was
pressurized to 600 psi (4.14 X 106 N/m2) with nitrogen gas. A flexible diaphragm sepa-
rated the water and gas.

Squib valve.- The squib valye which initiated the experiment was located at the
water exit of the tank. This squib valve allowed water to flow from the tank into two
tubes which fed the motorized rotary valve,

Motorized rotary valve.- The motorized valve consisted of a hollow cylinder
rotating inside a stationary valve body which was sealed watertight by close machining
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tolerances. A pattern of ports was machined in the circumference of the rotor and valve
body, and leads were connected from the valve body to the injection nozzles. Water was
supplied from the tank to the inside of the rotor and released to the nozzles when the
ports on the rotor coincided with the outlet ports on the sleeve. The rotor was driven by
a 12-volt direct-current motor. A schematic layout of the rotor and sleeve is shown in
figure 8. The ports were designed so that water was injected from the stagnation region
through a known range of flow rates and shut off and then injected from the sides through
a known range of flow rates and shut off. This cycle was repeated continuously, as the
rotor was driven at a constant speed throughout the data period. The flow rate was
increased linearly through seven levels for either stagnation injection or side injection
by using three sets of outlet ports that supplied increasing numbers of orifices as indi-
cated in figure 7. Onme port supplied a unit flow, the second supplied two units, and the
third supplied four units. (The number of flow units was proportional to the number of
nozzles supplied by the ports.) Combinations of flows from these three ports, therefore,
will produce linearly increasing steps from one to seven units of flow, as illustrated in
figure 8. The resulting idealized flow-rate variation with time for one cycle is shown in
figure 8 for a constant pressure supply. As can be seen, each pulse consisted of
increasing flow-rate levels and was of 2 seconds duration. The pulses were separated
by a no-injection period of 1 second.

Injection nozzles.- The water was injected in the programed sequence just
described from three injection sites: one at the stagnation (or nose) region, and two
identical sites on opposite sides of the conical portion about 1.3 inches (3.3 cm) aft of
the sphere-cone junction. A detailed layout of the injection sites and nozzles is given in
figure 9. The injection site on the nose had six orifices arranged in a circular pattern
and one orifice at the center for a total of seven orifices, all of which were 0.08 inch
(0.2 cm) in diameter. The flow rate through each orifice gave one flow unit in this case.
Each side injection site had 14 separate nozzles with 7 orifices of 0.015-inch (0.03-cm)
diameter in each nozzle, giving a total of 98 orifices per side. In this case, a flow unit
was obtained with 2 nozzles from each side for a total of 4 nozzles or 28 orifices.

TEST CONDITIONS

Launch and Trajectory

The RAM B2 vehicle was launched May 28, 1963, at 2:59:09 e.d.t. from the NASA
Wallops Station. All systems operated as planned. First-stage burnout occurred at
38.4 seconds after launch at an altitude of 33 000 feet (10 km); second-stage burnout and
third-stage ignition occurred simultaneously at 89.1 seconds at an altitude of 117 000 feet
(35.7 km); third-stage burnout occurred at 118.5 seconds at an altitude of 160 000 feet
(48.8 km) and a velocity of 17 840 ft/sec (5.438 km/sec). The third stage, which included
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the payload, proceeded through the blackout region and reached an apogee of
290 000 feet (88.4 km). Altitude variation with velocity is shown in figure 10(a), and the
variation of altitude and velocity with time is shown in figure 10(b). The data were taken
during the ascending part of the flight in order to provide telemetry coverage close to
the launch site. Real-time telemetry was transmitted from the 225.7-Mc telemetry sys-
tem and an 80-second delayed-playback signal was transmitted from the 244.3-Mc telem-
etry system. Thus, in case of loss of signal due to blackout, the same telemetry informa-
tion would have been obtained from the playback signal after the third stage had emerged
from the blackout region.

Azimuth, Elevation, and Slant Range

The azimuth and elevation angles and the actual distance (slant range) to the vehicle
from the five receiving stations are given in figure 11. These data are of use in inter-
preting signal-strength records to be presented in another section of the report.

The vehicle aspect angles (that is, the angle between the forward-directed longi-
tudinal axis and the line of sight from the vehicle to the ground station) can be obtained
from the approximate formula (since elevation angles are small according to fig. 11):

Aspect angle = Azimuth angle - Vehicle heading + 180°

where vehicle heading is approximately the effective launch azimuth of 102°9. (See
ref. 31.) Hence

Aspect angle = Azimuth angle + 78° (1)

Water Flow Rates and Efflux Velocities

Figure 12 shows the variation of water flow rate with time that was obtained during
the RAM B2 flight. The water addition was initiated 110 seconds after launch during
third-stage burning and ended about 200 seconds after launch. The squib valve that
turned on the water supply fired during a side injection period, so that the first pulse
consisted of the last portion of a side injection sequence, as shown in the figure, There-
after, each injection cycle, during which the flow was varied through a range of rates and
was injected alternately from the stagnation nozzles and side nozzles, lasted about
6 ’seconds. The maximum flow rate per cycle varied throughout the data period from
about 1.5 to 0.25 Ibm/sec (0.114 to 0.681 kg/sec), and the minimum flow rate varied from
about 0.3 to 0.07 lbm/sec (0.135 to 0.032 kg/sec) for stagnation injection, and from about
0.2 to 0.05 Ibm/sec (0.09 to 0.023 kg/sec) for side injection. The flow rate at any point
of a cycle is less than that at a comparable point on a previous cycle because of the
decrease in tank pressure with exhaust of water,

The data shown in figure 12 were actually obtained from a calibration for which all
pertinent flight conditions were duplicated as closely as possible. These conditions
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included the supply tank pressure, exit pressure, rotary valve speed, and vehicle spin
rate, all of which were monitored during the flight.

Seven distinct levels of flow are evident for each stagnation and side injection
period up until the stagnation injection period at about 162 seconds, when only four levels
can be distinguished. This same change in mass flow variation was observed during
several calibrate runs and was believed to be caused by a partial closing of the tank out-
let by the diaphragm when the tank was nearly empty. Since the change occurred near
the end of the injection period and appeared to be reasonably predictable, no modifica-
tions to the injection system were made and it was assumed that the observed variation
also occurred in flight. The integral of the flow-rate curve of figure 12 is 21.5 pounds
(9.8 kg), which compares favorably with the total of 22 pounds (10.0 kg) of water initially
loaded in the tank.

In order to obtain estimates of the ratio W* of water mass flow to air mass flow
in the mixing region, the maximum penetration of the water spray must be determined.
In reference 18, the maximum penetration of a liquid spray for cross-current injection
was correlated in terms of the free-stream density and velocify and the efflux velocity
and density of the liquid. The variation of efflux velocities with time is shown in fig-
ure 13. These velocites were computed for the maximum and minimum mass flow rates
by using the data from figure 12 and the corresponding total exit area of the orifices.
That is, for side injection (fig. 13(a)) with the maximum flow rate, all 28 nozzle stations
on both sides were in operation for a total of 196 orifices. For side injection with the
miminum flow rate, 4 nozzle stations or 28 orifices were in operation. For stagnation
injection (fig. 13(b)), the maximum flow rate was obtained with 7 nozzles and the minimum
rate with 1 nozzle. The velocities are larger for the smaller flow rates because of the
smaller losses in the system. An estimate of the total losses in the system can be
obtained by comparing the maximum and minimum flow-rate velocity results with the
velocity computed directly using the measured tank pressure with the assumption of no
losses. The results of this latter computation are also plotted in figure 13.

RESULTS

Signal-Strength Records

Variations in signal strength with time for the HF, VHF, C-band, and X-band trans-
missions were recorded at the Wallops Station, Langley Station, Coquina Beach, Range
Recoverer, and Bermuda receiving stations. The signal strength is obtained from the
voltage level of the automatic gain control (AGC) of the receiver. All signal-strength
data in this report are given as the relative signal strength in decibels, that is
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Decibel = 20 log
10 g
ref

where E is the AGC voltage. The reference signal strength for zero dB is chosen as
the peak signal level obtained at a given receiver during the flight.

Portions of typical oscillograph records obtained at the Wallops and Coquina Beach
stations during the water injection period are shown in figure 14. The effect of water
injection for two injection cycles (approximately 12 seconds) is shown. Significant signal
recovery occurred during the water injection periods which are indicated on the figure.
The 3-cycle-per-second variation, which was caused by antenna pattern change with
vehicle roll (see fig. 4), can be seen on the records during the periods of signal recovery.
This roll effect is particularly noticeable on the 244.3-Mc signal which was transmitted
by the forward slot antenna. A low-frequency oscillation of approximately 30 cps
occurred during the stagnation injection pulses. This oscillation is typical of all signal-
strength records obtained during stagnation injection.

Signal-strength measurements from the five receiving stations for the entire data
period (80 to 180 seconds after launch) for frequencies of 244.3 Mc, 30.8 Mc, and 225.7 Mc
are given in figures 15 to 19. The variations in signal strength can be conveniently cor-
related with the water injection pulses from the side or stagnation region by means of the
water injection key superimposed at the top of the figures. The variations of signal
strength due to vehicle roll and the low-frequency oscillations during stagnation injection
as shown in figure 14 have been removed for clarity in figures 15 to 19 by fairing through
the peak values of recorded signals. Parts (a), (b), and (c) of these figures present the
data according to increasing downstream distance from the injection site. These data
are from the 244.3-Mc, 30.8-Mc, and 225.7-Mc antennas, respectively, which will be
referred to as the forward slot, middle ring, and rear flare antennas (fig. 2). Since each
figure shows data for a particular receiving station, a different look angle and range
applies to each figure at a given point in time. These look angles and the slant range can
be obtained from the data of figure 11,

4

Séveral receivers, as listed in table I, were used for the same signal frequency at
a number of the stations. Wide- and narrow-bandwidth receivers and different receiving
antenna configurations were used. Wide-bandwidth (200-kc) receivers were required to
handle telemetry data, but narrow-bandwidth (16-kc on 244,3-Mc and 8-kc on 30.8-Mc)
receivers were also used to monitor signal strength since they provide more gain and
hence more margin. The receivers from which the data of figures 15 to 19 were obtained
are identified in table I. At a given station and frequency, these signal-strength data are

essentially the same; therefore, in all the figures, only one typical record for each fre-
quency has been shown.
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Typical signal-strength records of C-band and X-band frequencies, as received
at the Wallops and Coquina Beach receiving stations, respectively, are shown in fig-
ures 20 and 21. These results will be discussed in more detail in a subsequent section,
but it is believed that no significant attenuation of the C-band and X-band signals due to
the plasma occurred.

Voltage Standing-Wave Ratios (VSWR)

VSWR measurements made on board the vehicle were transmitted in real time from
the 225.7-Mc system and on an 80-second delayed-playback signal from the 244.3-Mc
system. The VSWR values provide an indication of any antenna detuning that might be
attributed to the plasma sheath (ref. 35); therefore, VSWR records are an important aid
in interpreting the data. VSWR records for the 244.3-Mc and 30.8-Mc antennas are shown
in figure 22. The 225.7-Mc measurement of VSWR showed no change in level during the
flight, and is not presented. During water injection periods for both stagnation and side
injection, the VSWR values for the forward slot antenna (fig. 22(b)) return to approxi- |
mately their free space values, an indication that no detuning effects are present for this
antenna during water injection. The VSWR values for the middle antenna (fig. 22(a))
return to free space values during stagnation injection, but during side injection the VSWR
values are somewhat greater than free space values, an indication that a slight amount of
detuning occurs in this case. VSWR measurements during water-off periods will be dis-
cussed later.

DISCUSSION OF ATTENUATION RESULTS
DURING WATER-OFF PERIODS

Signal Strength

The signal-strength records at the Wallops and Langley receiving stations (figs. 15
and 16) indicate that attenuation began at about 90 seconds from launch, just after third-
stage ignition. At the Coquina and Range Recoverer stations (figs. 17 and 18), however,
no attenuation was observed until about 100 seconds from launch. Since the former two
stations have a more rearward aspect angle as compared with the latter two stations
(fig. 11 and eq. (1)), the earlier onset of attenuation at the former stations was evidently
caused by the rocket exhaust. The relatively rapid increase in attenuation of the signal
from the rear antenna (figs. 15(c) and 16(c)), which must transmit through the rocket
exhaust to these stations, is a further indication of this effect. This well-known phenom-
enon of attenuation due to rocket exhaust has been observed and analyzed previously
(refs. 24 and 36). It is apparent that attenuation due to the plasma layer on the vehicle
did not commence until about 100 seconds from launch (fig. 17) and from then until
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third-stage burnout (118.5 seconds) the attenuation observed at the Wallops and Langley
receiving stations would be due to a combination of rocket exhaust and plasma effects.

The data from the Coquina station (fig. 17) would thus best represent the effects
of the plasma layer alone, up to 118.5 seconds. As the vehicle approached its maximum
velocity of 17 840 ft/sec (5.438 km/sec) (at third-stage burnout), the 30.8-Mc and
225.7-Mc signals (figs. 17(b) and (c)) were attenuated by approximately 20 and 22 dB,
respectively, during the no-injection periods. The 244.3-Mc signal (fig. 17(a)) dropped
below the receiver system noise level and was therefore attenuated at least 32 dB.
During the water-off periods, the observed signals remained below noise levels until
approximately 160 seconds (230 000 ft (70.1 km) of altitude), when signal levels began
approaching free space values. Free space values were attained at about 170 seconds
on the forward and middle antenna signals but were down about 10 dB from values before
onset of attenuation because of the increased distance between the Coquina station and the
vehicle.

The minimum observed values of relative signal strength after third-stage burnout
for no injection are listed in the following table:

Signal Relative signal strength in decibels
freql\t;lincy, Wallops | Langley | Coquina | Range Recoverer | Bermuda
(fig. 15) | (fig. 16) | (fig. 17) (fig. 18) (fig. 19)
244.3 <-48 <-38 <-36 <-33 <-22
30.8 -31 -25 -22
225.7 -32 -32 -32 -31 -17

The values listed in the table include the decrease in the free space signal levels
as well as the attenuation of the signal due to the plasma. If it is assumed that stagna-
tion injection returns the signal level to free space values (this assumption will be justi-
fied later), then the approximate value of attenuation caused by the plasma alone can be
determined. The maximum values of plasma attenuation determined in this manner are
listed in the following table:

Signal Values of plasma attenuation in decibels
freql\x/xlincy, Wallops | Langley [Coquina | Range Recoverer |Bermuda
(tig. 15) | (fig. 16) [(fig. 17) (fig. 18) (fig. 19)
244.3 >35 >27 >32 >25 >20
30.8 25 15 20
225.7 22 20 22 23 15
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The 30.8-Mc signal was not blacked out and was attenuated much less than the VHF signal
from the forward antenna. This difference in attenuation between the HF and forward
VHF signals is due in part to the more favorable location of the HF antenna and the dif-
ferences in design and bandwidth characteristics of the antennas. (See sections entitled
"Apparatus and Voltage Standing-Wave Ratios.')

The C-band signal at 5600 Mc (fig. 20) and the X-band signal at 9210 Mc (fig. 21)
were not attenuated to any large extent by the plasma layer at any time throughout the
flight. The sudden increase in the C-band signal at about 89 seconds from launch is due
to the exposure of the C-band antenna (located in the test vehicle flare, fig. 2) when the
test vehicle is separated from the second-stage booster. The reason for the increase in
the signal at about 98 seconds from launch is not known. The slight decreases in the
level for both C-band and X-band signals from about 114 seconds through the remainder
of the data period are due to increasing range. The X-band signal-strength record
toward the end of the data period is also influenced strongly by antenna pattern.

VSWR Values

Some of the signal loss observed during periods of no injection can be attributed to
antenna detuning, as indicated by the increases in VSWR values for the forward and
middle antennas (fig. 22). A maximum VSWR value of 6.5 was recorded for the middle
antenna (fig. 22(a)) and the VSWR for the rear antenna showed no variation during the
entire flight. Hence, no plot for this rear antenna is shown.

The VSWR for the forward antenna (fig. 22(b)) increased to a value of at least 10,
which is beyond the accurate range of the instrument. During the period from launch to
the beginning of attenuation, the VSWR for this antenna increased from about 1.5 to 3.0.
The reason for this gradual increase is not known, although an increase in temperature
could be a factor. After 110 seconds, the VSWR for the forward antenna could not be
accurately determined, but it is believed that signal losses due to detuning effects were
not large compared with total signal losses. This belief is based on the results of ground
tests reported in reference 35 and unpublished results obtained at the Langley Research
Center of an experiment on the RAM B3 flight where the effects of detuning on narrow-
and broad-bandwidth antennas were compared.

ANALYSIS AND DISCUSSION OF RESULTS FOR WATER INJECTION
The signal-strength data presented have shown that both stagnation and side injec-

tion are effective. Also, for the flight conditions of the present investigation, the results
indicate that stagnation injection causes greater signal recovery.
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In the following sections, some of the mechanisms that may contribute to electron
depletion or suppression are analysed for the RAM B2 flight conditions. Details of the
analyses used are given in the appendixes, with only the principal results presented in
the text. The mechanisms for stagnation and side injection are discussed separately.

For stagnation injection, the mechanisms considered are aerodynamic shaping and
homogeneous cooling. Both these mechanisms would suppress the electron formation
processes which normally occur in the stagnation region. The flight results are exam-
ined to determine, if possible, the range of conditions over which these mechanisms may
have been effective.

Greater signal recovery during stagnation injection could have been caused by the
same mechanisms (operating at greater efficiency) as those involved in side injection. It
is also possible that mechanisms not applicable to side injection cause the improved per-
formance of stagnation injection. Since nearly complete signal recovery was obtained
for side injection and since the water injected during stagnation injection is eventually
swept past the side injection sites, the effectiveness of the additional stagnation mechan-
isms cannot be directly deduced from these test results. For instance, if the additional
stagnation mechanisms were not at all effective, the greater signal recovery observed
during stagnation injection could still occur due to longer dwell times of the injectant,
more effective distribution in the flow field, or a more optimum water droplet size. On
the other hand, if a stagnation mechanism were completely effective, it would also explain
the observed greater signal recovery during stagnation injection.

For side injection, electron concentrations can be reduced by homogeneous proc-
esses (that is, reactions that occur between the gaseous constituents of the flow), or by
heterogeneous processes, which are those reactions that occur in the vicinity of or at
interfaces such as the water droplet surfaces. The free electrons are produced in the
stagnation region and are generally present in the afterbody flow in higher concentrations
than would be predicted on the basis of equilibrium ion-electron recombination. The
injection of relatively large amounts of liquid water could tend to catalyze both ionic and
neutral reactions so that plasma conditions after water injection would approach equilib-
rium more rapidly.

In the following analysis of homogeneous cooling, the ionic and neutral species are
assumed to be in equilibrium, and the effects of both complete evaporation and finite
evaporation rates of the injected water are considered. It is emphasized, however, that
the assumption of thermodynamic and chemical equilibrium can only be correct as a lim-
iting condition when gas flow time (i.e., the time for a reference volume of gas to flow
from the bow shock region to the location being considered) is large compared with
recombination time. For conditions of the present flight, it is known that nonequilibrium
conditions prevail during water-off periods. During water injection, the homogeneous
reaction rates should increase significantly, while at the same time, gas flow times should
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increase because of momentum exchange between the gas and the liquid spray. At pres-
ent, however, the chemistry of the system is not well understood when liquid water is
present. Hence, it is necessary to resort to simplifying assumptions with the hope that
gross changes in flow conditions and electron concentrations can be described.

After the homogeneous cooling processes are considered, it is convenient to analyze
the mechanism of heterogeneous recombination separately. The results are then com-
pared with predictions of references 16 and 17. Finally, the flight results are compared
with predictions of the various analyses in an attempt to determine which effects
predominate.

It should be noted that in the analyses, it is necessary to determine or assume the
electron density before and after injection. The initial electron density is determined by
calculation and from measurements made in a similar flight test. (See ref. 32.) The
electron density after injection is estimated from the transmitted signal levels; high
attenuation indicates the plasma electron density exceeds critical density, and low atten-
uation indicates the electron density is less than critical., This method of estimating
eiectron density after injection is satisfactory provided that v/w

<l = Plasma collision frequency) is small and that the dominant influence on the signal is

@ 27 transmission frequency

the plasma in the near vicinity of the antenna. For the forward slot antenna, since the
radiated energy is localized in the vicinity of the slot, and the plasma is essentially adja-
cent to the antenna, signal strength measurements can be used to estimate plasma elec-
tron concentrations. However, the rearward 225.7-Mc antenna is not as suitable for this
purpose since most of the energy from this antenna was directed into the wake rather than
into the plasma sheath. The 30.8-Mc signal-strength measurements are not descriptive
of the local plasma sheath since for this antenna, energy is radiated from the entire space-
craft. Also, for this latter frequency, the critical electron concentration (which is 107)
does not define a sharp signal attenuation since v/w is about 1. For these reasons, the
signal strength measurements obtained for the forward slot antenna (for which the critical
Ne is 109 electrons per cm3) provide the most reliable indication of local Ng levels

in the flow field over the conical portion of the vehicle.

Stagnation Injection

Aerodynamic shaping.- When material is injected into the stagnation region of a
supersonic vehicle, the bow shock standoff distance and shape may be considerably modi-
fied. For example, the effect of gas injection on the shock standoff distance for a blunt-
nose cone is shown in reference 37 to depend mainly on the ratio of the injected mass flow
to the airstream mass flow. In this instance, the gas was injected from a spherically
shaped porous segment that formed the nose of the model. The shock shape described in
reference 37 was not affected much by injection, probably because of the small momentum
of the injected gas.
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In reference 18, tests conducted in a wind tunnel at Mach 8 with liquid injection at
the stagnation point of a hemisphere cylinder are reported. In these tests the material
used was liquid nitrogen, which was injected from a single orifice to obtain large momen-
tum of the injected material. The maximum shock standoff distance was correlated in
the form

o

?X = 2.16(T*)0‘43

(2)
where T* is the ratio of the momentum of the injected liquid to the momentum of the
free stream contained in a stream tube with the same diameter as the model nose. The
results of reference 18 indicated that when T* >0.05 the bow shock was unsteady and
oscillated at high frequencies between a pointed configuration and a blunted or broken-
front configuration. When T* =0.01 the magnitude of the oscillations was much smaller
but the shock still assumed a pointed shape.

Recent wind-tunnel test data (unpublished) obtained at the Langley Research Center
indicate that the shock standoff distance (and forward penetration of the liquid jet) for
water injection would be greater than that predicted by equation (2) for liquid nitrogen
injection because of the smaller vapor pressure of water. These data, as well as those
of reference 18, were obtained with models of nose diameter less than 1.8 inches
(4.6 cm) and generally with a single orifice. Therefore, only tentative conclusions can
be obtained by extrapolating the correlations to the RAM B2 vehicle, which had a nose
diameter of 8 inches (20.3 cm) and used from one to seven orifices for stagnation
injection,

The variation of the momentum ratio parameter with time during the RAM B2 flight
is shown in figure 23(a) for the maximum and minimum stagnation injection rates.

During the data period (except during the minimum injection rates) the momentum ratio
was greater than 0.01. Hence, the results of reference 18 and the previous discussion
indicate that during most of the injection period the bow shock might be oscillating
between the pointed configuration and the collapsed configuration, as in the tunnel tests.
During the time when the shock assumed a pointed shape, the production of free electrons
normally occurring behind the bow shock would essentially cease. Since the normal-
shock regions are the source of the electrons in the flow field for the RAM flight condi-
tions, as indicated in reference 6, recovery of radio transmission due to the effect of bow
shock modification would be expected for stagnation injection. This effect is analogous
to that produced by aerodynamic shaping, or the use of a pointed or slightly blunted cone
to «reduce the temperature and the amount of shock-heated air.

Stagnation cooling.- Signal recovery due to shock modification could occur simul-
taneously with other effects of material addition such as cooling or attachment and heter-
ogeneous mechanisms. Therefore, it may not be generally possible to ascribe observed
transmission changes to any one mechanism. In figure 23(b), the ratio of injected flow
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rate to the reference free-stream airflow rate is plotted as a function of time for the
RAM B2 flight. The fact that this mass-flow ratio is as large as 15 indicates that some

cooling or quenching effects would be expected during stagnation injection, particularly
in the stagnation region where flow-field densities and species ""dwell times' are large.

An analysis of the cooling effect of stagnation injection is included in appendix A.
The assumptions of complete evaporation and complete thermal equilibrium were used
in this analysis, and the results indicate that the flight values of injected flow rate would
have been sufficient to give complete signal recovery. These assumptions, however,
may not be valid for the range of conditions of the present flight test.

Observed signal recovery during third-stage burning period.- For convenience, the
test data for stagnation injection are discussed in two parts Some of the data was
affected by third-stage burning, and these data will be considered first.

As mentioned previously, the data from the Coquina Beach station (fig. 17) should
be free of rocket exhaust effects during third-stage burning because of the aspect angle,
which varied from about 1050 to 1270 for this station (fig. 11 and eq. (1)). The first
injection pulse from the stagnation nozzles at 112.4 seconds resulted in complete recov-
ery of the signal at Coquina Beach (fig. 17) from all three antennas. The minimum flow
rate was 0.3 lbm/sec (0.136 kg/sec) (fig. 12) and the corresponding ratio of coolant
mass flow rate to reference air mass flow rate was 0.58 (fig. 23(b)). The computed
shock layer thicknesses of reference 38 indicate that the flow rate of air contained within
the undisturbed shock layer near the forward antenna station at this time would be about
4.5 Ibm/sec (2.040 kg/sec); therefore, the value of W* is approximately 0.07 if the
injectant is assumed to be confined to the shock layer. The minimum momentum ratio
parameter at this time was about 0.006 (fig. 23(a)), a value which, according to data of
reference 18, would be too small to cause any large modifications to the bow shock, The
results of reference 18 indicate that the cause of signal recovery for minimum stagna-
tion injection rates at this time would be a cooling (or quenching) effect that would pre-
sumably take place mostly in the stagnation region. However, according to the previously
discussed unpublished data for stagnation injection (see subsection under "'Stagnation
Injection' entitled '"Aerodynamic shaping') the bow shock modifications and forward pene-
tration of the liquid jet would be large even for the minimum value of the momentum
parameter, and the principal mechanism might well be aerodynamic shaping. The ques-
tion regarding the magnitude of the bow shock disturbances and forward penetration for
these conditions is at present unresolved.

An effect of interest that was noted during third-stage burning is that no recovery
was obtained (during both stagnation and side injection) for the signal from the rear
antenna at the Wallops or Langley stations. Thus, figures 15(c) and 16(c) show no signal
recovery until after third-stage burnout, which was at 118.5 seconds. Because of the
aspect angles of the Wallops and Langley stations (180° and 1589, respectively, at
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118.5 seconds; see eq. (1) and fig. 11) and the rear antenna location, transmission in this
case was largely through the rocket exhaust plume. It is therefore evident that water
injection from either the stagnation or side nozzles had little effect on electron concen-
trations associated with the rocket plume.

The fact that only partial recovery of signal from the forward antenna at the Wallops
station (fig. 15(a)) occurred for the first two water pulses is also probably due to rocket
exhaust interference. However, the partial recovery at the Range Recoverer station
(fig. 18) at the forward and rear antennas for the first two or three pulses is probably due
to the forward aspect angle (approximately 30°; see eq. (1) and fig. 11) of this station
during this time period and the associated azimuth (or yaw plane) antenna patterns
(figs. 4(a) and 4(c)).

Observed signal recovery after third-stage burning.- Practically complete recovery
was noted for the HF and VHF signals during stagnation injection at all stations except
Bermuda (fig. 19), which was not in range until 128 seconds from launch. In most cases
even the smallest flow rate, which was obtained by injection from the single orifice at
the stagnation point, gave essentially complete recovery throughout the data period up to
the time of about 163 seconds. At this time the minimum flow rate is 0.1 lbm/sec
(0.045 kg/sec) (fig. 12), and the corresponding value of W¥* near the forward antenna
station is approximately 0.4 if the injectant is confined to the undisturbed shock layer.
Inasmuch as the momentum parameter for this case is nearly 0.01 (fig. 23(a)), the results
of reference 18 indicate that the bow shock was probably modified to a pointed configura-
tion. Preliminary correlations of the unpublished stagnation injection data (referred to
previously) would also indicate that the bow shock at this time would be pointed, as a
result of the large forward penetration of the injected water. For a pointed shock con-
figuration, the electron production is much less than for an undisturbed bow shock con-
figuration. The tests of reference 18 showed that the pointed shock configuration was
unstable and tended to collapse and re-form at a high frequency. This phenomenon would
explain the oscillations in signal strength during stagnation injection, as shown in fig-
ure 14. These oscillations were observed for stagnation injection during the entire data
period, and they indicate the presence of an unsteady flow effect which must have been
due to the bow shock oscillations. The magnitude of the oscillations noted in the signal-
strength records (fig. 14) is not large compared with the total signal-strength recovery
level; consequently, it is believed that homogeneous cooling and heterogeneous mechan-
isms may have accounted for part of the signal recovery, particularly during the time
when the bow shock was in a collapsed position. These mechanisms are considered for
the side injection case in a later section. No attempt has been made to compute the
effect of these mechanisms for stagnation injection (other than the simplified analysis of
appendix A) since the characteristics of the flow field during stagnation injection are not
known. However, wind-tunnel tests in which droplet evaporation distances were scaled
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(ref. 18) showed that liquid injected at the stagnation point existed as droplets far down-
stream of the injection site. The heterogeneous and cooling mechanisms should be more
effective for stagnation injection than for side injection, since the gas species and liquid
droplet dwell times would be greater. It is therefore concluded that heterogeneous and
cooling mechanisms could be important in explaining the recovery due to stagnation
injection.

The reason for the loss of signal at the Range Recoverer station during stagnation
injection from 155 to 157 seconds (fig. 18) is not known. Some reduction in effective-
ness of stagnation injection near these times is also noted on some of the other records
(figs. 15(a), 15(c), and 17(a)). It is possible that the vehicle oscillatory motions, which
by this time had probably built up to an angle of attack of nearly 10° (ref. 31), are respon-
sible for the reduced effectiveness of stagnation injection at this time.

Side Injection

Water spray distribution and estimates of water-to-air mass flow ratio.- In order
to apply the various theories that will be discussed in the following sections, an estimate
of the concentration of injected water at any station is required. In the one-dimensional

treatments to be used, this concentration is assumed to be uniform at any given stream-
wise station and is expressed as the ratio of the flow rate of injected liquid to the flow
rate of air within the region occupied by the spray at that station. The area occupied by
the spray is based partly on the maximum cross-current penetration of the spray.

Maximum spray penetration: Correlation formulas for the maximum spray pene-
tration on a RAM B model are given in reference 18, These formulas are

; . -0.24 0.25 0.5
max ¥V x\"

=1. — = 3
do 1.79 V<Pa> do (3)
for water injection with 1 < g_v <10 and

a
0.5
Ymax _ 0.89\'/'0'3(-"—) @)
do dO

p
for liquid nitrogen injection with 90 < p_v <700. It should be noted again that the tests of
a

reference 18 were conducted on small-scale models with a single orifice; therefore,
extrapolation of the results to the RAM B2 flight conditions is considered tentative.

The spray penetration predicted by these formulas for the RAM B2 flight conditions
is plotted as a function of time from launch in figure 24 for values of x of 20, 60, and
120 inches (50.8, 152.4, and 304.8 cm), which correspond approximately to the locations
of the 244.3-Mc, the 30.8-Mc, and the 255.7-Mc antennas, respectively. The actual
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efflux velocities in figure 13(a) were used in these calculations. The formula for liquid
nitrogen is applied only at the last three trajectory points where %’- >10. (It was
assumed that p, = 0.025 atmosphere, corresponding to the vapor p%essure of water at
70° F (2720 K). The variation of P, is given in appendix A.) The shock layer thickness
oy (that is, the distance between the vehicle surface and the undisturbed shock) was esti-
mated as 5, 9, and 14 inches (12.7, 22.9, and 35.6 cm) for the forward, middle, and rear
antenna stations, These estimates are based on the shock shapes for sphere-cones given
in reference 39. Comparison of the predicted spray penetration (in terms of the distance
out from the surface Ay ax) With these estimated shock layer thicknesses indicates that
up to the time of 150 seconds the penetration was about the same or somewhat less than
the undisturbed shock layer thickness. For times greater than 150 seconds, the predicted
penetration became greater than the undisturbed shock layer thickness and increased to
almost twice as large at the end of the data period (about 180 seconds). If the spray pene-
tration was actually larger than the shock layer thickness, induced secondary shocks
could exist, and also the spray would not be utilized efficiently as a coolant. (See ref. 18.)

Calculation of W™ for forward antenna location: Since, as shown in figure 24,
the water spray penetrated to approximately the location of the undisturbed shock, the
amount of air in the mixing region is essentially the quantity of free-stream flow con-
tained in a stream tube which has a radius determined by the maximum penetration dis-
tance. A reasonable estimate of W™ that would represent a mean value in the region
of the spray would then be given by the formula

Slc),

= (5)
2
1T(I‘B + Aymax) P V. fi

where rp is the body radius, Aypyax is the maximum spray penetration from the body
surface, f; is the fraction of the total 360° around the body that is occupied by the spray
from one side, and (mc)t is the side injection mass flow rate for both sides of the vehi-
cle as obtained from figure 12. Maximum and minimum values of -—(mc)t were obtained
from the data of figure 12 for side injection. The corresponding values of W* computed
from equation (5) for x = 20 inches (50.8 cm) (corresponding to the forward antenna
station) are plotted as a function of time in figure 25. The assumed values of f; shown
-in this figure are based on observations in reference 18 that the spray, even from a single
orifice, may spread at least halfway around the body when p, /Pa is large, corresponding,
in this case, to the higher altitudes. (See also the temperature-time data of figs. 15(c)
and 20(e) in ref. 40.) During the first part of the injection period when the altitude was
less than 160 000 feet (48.8 km), the water spray would not be expected to spread very
far in the lateral direction from the injection nozzles. The change in lateral extent of

the spray with altitude is caused by the change in the ratio of liquid vapor pressure to

26 : S —
UNCLASSIFIED




UNCLASSIFIED
fEnisnna———

flow-field pressure Py/Py mnear the injection site. When this ratio is much greater than
one, the liquid jet explodes, in effect, when it enters the flow field, and droplets are
thrown far to either side of the nozzle. When this pressure ratio is about one, or less
than one, the liquid jet penetrates farther into the flow field and is atomized only by pres-
sure and shear forces of the airstream.

The preceding discussion and the results of figure 25 indicate that, for applying the
theory to the RAM B2 flight conditions, values of W* between 0.5 and 1.0 are represent-
ative of conditions for the maximum injection rates and values of W* between 0.1 and
0.3 are representative of conditions for the minimum injection rates. These values of
W* are applicable at the forward antenna station at x = 20 inches (50.8 cm). Forward
of this station the values of W* would be greater hecause of the smaller area occupied
by the spray and the resultant smaller amount of air in the mixing region. That is, the
liquid spray tends to spread out and move farther away from the body (because of its ini-
tial outward momentum) as it is swept downstream., For RAM B2 flight conditions, esti-
mates of values of W* at x = 5inches (12.7 cm) were computed in reference 40 by
using the same method as that used herein; for the minimum injection rates, values of
W* from 0.2 to 0.75 were obtained. Hence, a mean value of W* corresponding to mini-
mum injection rates for the mixing region upstream of the forward antenna station would
be about 0.5; this value will be used in the evaporation calculations.

Effect of W* on observed signal recovery level.- In a first attempt to analyze the

effect of water injection on signal strength, the recovery signal level for the seven steps
of increasing water flow rate (see fig. 12) during several side injection pulses was read
from the original signal-strength records for typical receivers at the Coquina and Wallops
stations (fig. 14). The differences between these recovery signal levels and the corre-
sponding reference free space levels (the differences are hereinafter referred to as
adjusted recovery signal levels) are plotted as functions of W* in figure 26. The values
used for W* were obtained by extrapolation from figure 25, and hence, they represent
conditions near the forward antenna station.

The procedures used to obtain the pertinent free space signal levels and the values
of W* are discussed in the following paragraphs. (Typical free space signal levels and
the corresponding water flow rates are shown for the second and third side injection
pulses in figure 14(b). The resulting adjusted recovery signal levels for the 244.3-Mc
antenna and other data for the second and third pulses are given in table II.)

Free space signal levels were first computed by correcting the initial free space
level before the onset of attenuation (obtained directly from signal-strength records at
about 88 seconds) for the changes in range and antenna pattern during the data period.
These computed free space signal levels were found to be in reasonable agreement with
the observed signal recovery levels during stagnation injection. Hence, a line drawn
through the peaks in signal level for stagnation injection, as illustrated in figure 14(b),
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was used as the reference free space level. The maximum signal level during each step
of the water flow was then read. The corresponding value of W* was obtained by multi-
plying the maximum value of W* from figure 25, at the time considered, by the ratio of
the observed values of flow rate to the maximum flow rate for the particular side pulse
being considered. The adjusted signal recovery levels, obtained by subtracting these
maximum levels at each flow rate from the reference free space levels, are plotted as
functions of the corresponding values of W* in figure 26. Data from the first side injec-
tion pulse are not used since this cycle was incomplete and the transient flow rates could
not be accurately determined. Data beyond the ninth side injection cycle are not included
since subsequent signal recovery pulses were poorly defined.

While there is considerable scatter in the data, it is seen that reasonable correla-
tion was obtained. The scatter is probably partly caused by variations in antenna pattern
(fig. 4), which could cause rapid variations in free space signal level not accounted for in
the procedures used. Nevertheless, two important conclusions can be made from these
plots: (1) Increasing W* above approximately 0.3 caused no significant increase in sig-
nal level; and (2) The minimum value of W* of about 0.1 (corresponding to the first
step in water injection flow rate) resulted in signal recovery levels that were approxi-
mately 2 to 10 dB below the maximum recovery levels, but were still well above receiver
noise levels in all cases. Hence, the minimum injection flow rates represent essentially
minimum requirements to obtain usable signal recovery for the test conditions.

Another trend that is evident in the data from the forward slot antenna (figs. 26(a)
and (d)) is the reduction in adjusted signal recovery level with increasing altitude
(excluding data for the ninth pulse). This trend, which is particularly noticeable for
values of W* greater than about 0.5, indicates that the efficiency of side injection
decreases with altitude. The deviation of the data for the ninth side pulse from this trend
is believed to be caused by increases in vehicle angle of attack (see ref. 31) which reduced
the signal recovery level for stagnation injection and thereby introduced an erroneous
value of reference free space signal level in the procedure used to obtain the data of fig-
ure 26.

It is emphasized that the values of W™ used in figure 26 are for conditions near
the forward slot antenna and that values of W* upstream of this antenna are believed to
be larger, as discussed in the previous section. Also, for the first four steps of
increasing flow rate, the lateral extent of the spray around the vehicle would tend to
increase as W* increases because of the physical arrangement of the injection orifices
and their use in the injection sequence. ( See figs. 7, 8, and 9.) In figure 14(b), clearly
defined steps of increasing signal strength corresponding to steps of increasing flow rate
can be seen on the 30.8-Mc record. It is therefore possible that for this middle ring
antenna, the observed steps in signal strength are associated with the increase in lateral
extent of the spray rather than with increases in W*. In general, however, the increase
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in flow rate rather than the increase in lateral extent of the spray is believed to be the
main cause of the increased signal recovery observed after the initial recovery for each
pulse. Two references support this belief: first, the attenuation tests of reference 7
show that water injection from a single orifice on one side of a model (approximately
1/4-scale model of the RAM B2) gave recovery of VHF with a signal-strength pattern
essentially the same as that for free space; and second, the wind-tunnel tests of refer-
ence 18 indicate that the effects of liquid injection from a single orifice extended halfway
around the model downstream of the injection orifice. It is therefore concluded that the
minimum flow rates used during the RAM B2 flight experiment correspond directly to
minimum amounts required to give the partial signal recovery observed at the beginning
of the side injection pulses. Nevertheless, for these and other reasons it is obvious that
the correlations of figure 26 are not general and should not be applied indiscriminately to
other configurations or flight conditions. In order to generalize the present results with
any success it is necessary to analyze the local flow conditions in the spray region in
some detail and to consider the effect of various assumed mechanisms on electron levels.
Also, as pointed out previously, the signal strength results from the forward slot antenna
are the only data that are suitable for obtaining reliable estimates of the local Ng

levels after water injection.

Theory for homogeneous cooling.- The results of references 11 and 17 tend to indi-
cate that homogeneous cooling mechanisms were probably not of much significance for
the RAM B2 conditions. Nevertheless, it is considered worthwhile to present the theory
for homogeneous cooling with the assumptions of ionic and thermodynamic equilibrium
because the experimental results appear to be in partial agreement with predictions from
such an analysis. Also, equilibrium conditions represent a limiting state that could be
attained for long species dwell times and fast reaction mechanisms. The processes
required to reach this final equilibrium state would involve both heterogeneous and homo-
geneous mechanisms. If the homogeneous cooling effects of the added material contribute
to electron suppression through the mechanisms of increased ionic recombination and
atomic or molecular attachment rates, it seems advantageous to inject a liquid rather
than a gas. Some of these advantages are illustrated in figure 27 which shows a com-

parison of the general appearance of gas injection with liquid injection. The bow shock
configuration is scaled from actual wind-tunnel tests with injection from a single orifice
just aft of a hemispherical nose, as indicated. The gas injection results are based on
some unpublished data obtained in the Langley 11-inch hypersonic tunnel and the liquid
injection results are based on the data of reference 18. The ratio of injected mass flow
to reference air mass flow m, /r‘nref was about 1.5 in both instances. The first thing
to be noted is the larger initial disturbance with gas injection, with the possible additional
ionization caused by the secondary or induced shock. The hot ionized gases generated by
this secondary shock, as well as by the bow shock at the nose, are forced away from the
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vehicle surface and cooled in the subsequent mixing ;:gion which may extend far down-
stream. In contrast, the liquid injection produces a smaller initial disturbance because
of the smaller added volume. The liquid jet is rapidly atomized by the high-velocity air-
stream into a spray of fine droplets which are more or less uniformly distributed across
the shock layer. The effective ''mixing length' is then determined by the distance
required to evaporate the droplets since the added material will be uniformly mixed with

the airstream about as rapidly as it evaporates.

Other advantages associated with liquid injection are the larger heat-sink capabil-
ity due to the latent heat, the better control of initial penetration and distribution in the
flow field, and the ease in handling and storage. The investigation of reference 18 indi-
cates that a liquid spray can be properly located in the flow field and that evaporation
occurs rapidly for low-altitude conditions. Thus, except at high altitudes where evapora-
tion rates are small and nonequilibrium effects predominate, some homogeneous cooling
should be possible, although the resulting effect on electron concentration depends entirely
on the relative values of recombination times and species dwell (or flow) times.

Complete evaporation: Estimates of the amount of injected material required to
cool the flow field can be obtained by assuming equilibrium conditions and by using the
conservation equations for mass, momentum, and energy (see appendix A for details). A
specified fraction of the air contained in an intercepted stream tube of radius r; is
assumed to be cooled in the mixing region. Downstream of the mixing region at some
station denoted by the subscript 2, the coolant is assumed to be completely evaporated
and uniformly mixed across the portion of the shock layer that extends out to the stream-
line which would pass through the r; shock point. That is, it is assumed that the cool-
ant can be made to penetrate just out to this particular streamline and no farther. (This
streamline would be displaced outward from its location with no injection.) Chemical
and thermodynamic equilibrium are assumed at station 2, and only the "average" flow
properties are considered since there is no way to compute the actual variation in local
flow conditions across the layer of mixed water vapor and air. The thermodynamic prop-
erties of the mixture were obtained as functions of temperature for given values of pg
and mixture ratio from the computer program of reference 41.

The complete analysis and results for the RAM B2 conditions are given in appen-
dix A. A simplified form of the energy equation which has been found to give fairly good
estimates of required flow rates and also serves to identify the important parameters
will be used in this section. This simplified energy equation is obtained by neglecting
the kinetic energy of the injected liquid and also the kinetic energy of the gas mixture at
the downstream exit station. (See eq. (A3) in appendix A.) The energy equation thereby

becomes
2

Iha V—;o' = IhCAhC’Z + IhaAha,z (6)
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where Ahc’z is the increase in enthalpy of the liquid from injection conditions to exit
conditions and Aha,z is the increase in the enthalpy of the air from free-stream condi-
tions to exit conditions. The mass flow of air is given by

fy, = finr-lzpono (7)

where f; 1is the fraction of the intercepted free-stream flow that is contained in the
mixing region. The enthalpy increases of the liquid and air are computed from the
approximate relations

Ahg 9 =hg 9 - he ref + Cp y(Tref - TZ’0> + L

Ahy 9 =hg g - hy ref + cp,a(Tref } Too)

The temperature at the end of the evaporation and mixing region T9 is chosen so
that for equilibrium conditions the electron concentration Ng would be less than
109 electrons/cm3. Calculations (appendix A) indicate that Ne,2 <109 electrons/ emd
for T9 ~ 50000 R (27780 K) for a wide range of pressures and mass ratios of water
vapor to air. It can also be shown from results given in appendix A that for a similar
range of conditions and for Tg =~ 5000° R (27780 K),

2
Ahg 5 = 4.4 X 108 tt > (17 500 113%‘; 40.7 x 108 J/kg>
sec
2
Ahy 9 = 0.5 x 108 Sfetcz <2ooo 1%%; 4.6 x 105 J/kg>

The large value of Ahc, 9 is due to the appreciable dissociation of water that has already
occurred at this temperature and indicates the large heat-sink capability of water. For
convenience, the ambient density in equation (7) is assumed to be given by the exponential
form
-pz

Poo = Pret® g
Substituting equation (7) into equation (6) and rearranging then gives an expression for the
coolant mass flow rate per unit of vehicle frontal area as

v 2
: 2 =% -Ahy2
& =p r_l Vv __g_____,_. e_BZ (8)
fiwer ref N/ Ahc,2

The nose radius of the vehicle is introduced as a convenient reference. Also the ratio

ry /rN does not vary greatly for most blunt vehicles at zero angle of attack. Calculations
in appendix A indicate that for RAM B flight conditions rj /rN varied from about 0.9 to
1.4 during the attenuation period of the flight, where r; is the radius to the shock point
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where the downstream value of Ng is less than 109 electrons/cm3, For a blunt-face
vehicle at angle of attack, such as the Apollo reentry module, rj should be taken as the
distance from an axis (parallel to the velocity vector) through the aerodynamic stagna-
tion point to the critical streamline for Ng < 109,

Equation (8) shows that at a given altitude the flow rate (based on equilibrium
cooling only) would vary essentially as the cube of the flight velocity and as the frontal
area of the vehicle. If the injected material can be confined to a small slot on one side
of the vehicle, then the required flow rate would be reduced by the fraction fj, which is
the ratio of this slot area to the cross-sectional area of the flow field. For large blunt
vehicles at angle of attack, the flow rate can be reduced further by injecting from the
windward side where rj/ry would be less than 1.0.

The coolant flow-rate parameter from equation (8) is plotted in figure 28 as a func-
tion of altitude for various flight velocities from 15 000 to 35 000 ft/sec (4.6 to
10.7 m/sec). Values used for Prefr B Aha,z, and ri/rN are given in the figure
legend. For the RAM B vehicle with ry = 4 inches (10.2 cm) and fj = 1, the required
flow rates from figure 28 would be about 0.27 lbm/sec (0.123 kg/sec) at 160 000 feet
(48.8 km) of altitude and 0.007 lbm/sec (0.003 kg/sec) at 250 000 feet (76.2 km).

Included for comparison in figure 28 is a curve (dashed line) computed from the
actual minimum flow rates injected on each side during the RAM B2 flight. The values
of f; used in this computation were obtained from figure 25. Since these minimum flow
rates resulted in significant signal recovery over the entire data period (see fig. 26) it
can be assumed that levels of Ng in the flow field were reduced to the critical value
for VHF, or approximately 109 electrons/ cm3, corresponding to the value used in equa-
tion (8). A comparison of the dashed curve with.the solid lines from equation (8) indicates
that the assumptions of equilibrium cooling and complete evaporation should not be used.
Refinements in the complete evaporation theory as presented in appendix A do not affect
these results, so it is necessary to consider finite evaporation rates as the next signifi-
cant improvement over the complete evaporation theory.

Finite evaporation rates: In the previous paragraphs, the amount of coolant
required was estimated by assuming that all the injected material was evaporated and
uniformly mixed at the downstream station, which, for the RAM B calculations, was taken
as the forward antenna site. In actuality, the distance required to evaporate the spray
depends on a number of variable factors such as initial droplet size, latent heat of the
liquid, and flow-field densities. In order to determine whether the injected material can
be utilized effectively as a coolant, it is necessary to examine the effect of these factors
on evaporation rates.

The theoretical analysis described herein is intended to provide estimates of evap-
oration rates and distances for cross-current injection from a site which is well
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downstream of the vehicle nose. The injected liquid is given an initial momentum normal
to the approaching airstream so that approximations of the penetration and trajectories of
the droplets can be obtained. The principal assumptions used in the derivation which is
given in appendix B are as follows:

(1) Quasi-one-dimensional constant-pressure mixing and steady flow occurs.
(2) Flow upstream of injection site is uniform and parallel.
(3) Droplet size, velocity, and distribution at any streamwise station are uniform.

(4) Nusselt number and drag coefficient for the droplets (or ice particles) in the
spray are the same as for isolated spheres.

(5) The effect of mass transfer on heat transfer is accounted for by using a "film"
concept for the evaporating droplets.

(6) Atomization of the liquid jet occurs at the nozzle exit.

(7) The ratio of coolant mass flow to air mass flow entrained in the mixing region
is constant.

(8) The droplet temperature is constant and is assumed to be the boiling tempera-
ture at the local static pressure in the vicinity of the droplet.

A similar analysis and approximate solutions are given in reference 18. The pres-
ent results were obtained from solutions of the general equations (appendix B) on an IBM
7094 electronic data processing machine. The thermodynamic properties and the mole
fractions of the constituents of the mixture of vapor and air were obtained as functions of
pressure, enthalpy, and mass ratio of evaporated coolant to air from the computer pro-
gram for chemical equilibrium compositions of reference 41. The initial droplet radius
was obtained from the correlations of reference 42.

Application of the theory to conditions typical of the RAM B2 data period are shown
in figures 29 and 30. In figure 29 the mixture temperature, electron concentration, and
fraction of injected water still in liquid phase are plotted as a function of distance from
the injection point. In figure 30 the mole fractions of the various constituents of the mix-
ture are plotted as a function of distance from the injection point. Input values that repre-
sent conditions at three altitudes during the RAM B2 trajectory have been used in the cal-
culations. These altitudes were taken as 157 000, 210 000, and 235 000 feet (47.8, 64.0,
and 71.6 km) corresponding to 115, 145, and 165 seconds from launch, respectively, and
the corresponding results are given in parts (a), (b), and (c) of figures 29 and 30. The
local pressures used in the solutions correspond to a value of Cp/Cp,max of 0.06, as
obtained from reference 38. The initial airstream velocity and temperature used in the
solutions are listed in table ITI, These values were computed for a streamline that trav-
erses a normal shock at the given flight conditions and then isentropically expands to the
local pressure with equilibrium air properties assumed.
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At an altitude of 157 000 feet (47.8 km) (fig. 29(a)), more than 50 percent of the
injected water would be evaporated at only 0.5 foot (0.15 m) from the injection point when
ry = 2.2 X 10-9 foot (6.7 microns), which is the mean droplet radius for the local condi-
tions as obtained from the correlations of reference 42. When the maximum droplet
radius (ry) of 6 X 10-9 foot (18 microns) (obtained from ref. 42) is used, about 35 percent
of the injected liquid would be evaporated at x = 0.5 foot (0.15 m), and the mixture tem-
perature is slightly higher. The mixture temperature decreases from the initial value of
about 7300° R to 5000° R (4056° to 27789 K) in this distance and the electron concentra-
tion decreases accordingly. At an altitude of 210 000 feet (64.0 km) (fig. 29(b)) where
the local pressure is about one-sixth that at the altitude of figure 29(a), the evaporation
rate is considerably slower with about 25 percent of the injected water evaporated at
0.5 foot (0.15 m). At 2 feet (0.6 m) from the injection point, corresponding to the loca-
tion of the forward antenna, about 40 percent has evaporated. According to the theoreti-
cal calculation, this percent evaporation still results in a significant reduction in tem-
perature and electron concentration. At an altitude of 235 000 feet (71.6 km) (fig. 29(c))
where the pressure is only 2.64 1bf/ft2 (126.4 N/m2), just 25 percent of the injected water
is evaporated at x = 2 feet (0.6 m).

The rapid reduction in temperature calculated for these conditions is caused partly
by the large latent heat of water and specific heat of steam, but the greatest effect is
caused by the dissociation of the water molecules, as indicated by the rapid increase in
hydrogen atoms downstream of injection. (See fig. 30). The main source of electrons
is the nitric oxide (NO), which is seen to increase up to about x =1 foot (0.3 m). While
the nitric oxide is increasing, the mixture temperature is decreasing, and the net effect
is to reduce the electron number density Ng. The constituent that has the next largest
effect on Neg was found to be the hydroxyl neutral (OH) which attaches an electron to
form the negative hydroxyl ion. Although the mole fraction of OH becomes appreciable,
it is still insufficient to give any significant reduction in Ng at these conditions
except for the high-pressure condition (fig. 29(a)) for x > 0.1 foot (0.03 m), where there
was as much as a 20-percent reduction in Ng due to the formation of OH".

It should be noted that for the three cases considered the predicted value of Ng at
the forward antenna station was always less than 109 (fig. 29), an indication that for the
value of W* of 0.5, signal recovery would be expected if the assumptions of equilibrium
ionic and thermodynamic conditions were valid. As mentioned previously, the value
W* = 0.5 is considered as a mean for the flow conditions between the injection site and
the antenna station. Solutions for the minimum values of W* from figure 25 were
obtained to determine the effect of W* on the computed levels of Ne. The results at
x = 2 feet (0.6 m) are given in the following table:
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Trajectory point
: * T 3 Ne,
Time, Altitude w R electrons/cm3
sec ft km OR OK
115 |157x 103 | 47.8 { 0.1 | 5410 | 3006 | 0.21 6 x109
145 | 210 64.0 | .14 | 5320 | 2956 | .55 1.5
165 | 235 71.6 | .23 | 5210 | 2894 | .73 .5

Comparison of these values of T and R3 with the curves of figure 29 at
x = 2 feet (0.6 m) indicates that these values of R3 are somewhat smaller and these
values of T are larger than those for W* = 0.5. The values of Ng decrease with
altitude to or below the critical level, an indication that even for these small values of
W* water injection would be effective at the higher altitudes if equilibrium conditions
could be achieved. The altitude trend indicated by these results is opposite to the trend
shown by the data of figure 26 which showed, in general, a tendency for decreasing signal

*
r W >0.Q

Yo

Since the calculated homogeneous cooling depends on the amount of water evapo-
rated, it is of interest to compare predictions from the finite evaporation theory with
those from the simple theory assuming complete evaporation. The values listed in the
following table correspond to the three altitude conditions used for figure 29:

_ R3 at Minimum mg .
Time, Altitude a per side f: my
x =2 ft (0.6 m) fie. 12 1
sec (fig. 20) (fig. 12) (fig. 25) fiWer
ft km lbm/sec | kg/sec
115 157 x 103 | 47.8 0.26 0.10 0.045 0.25 0.848
145 210 64.0 .59 .057 .026 .40 .167
165 235 71.6 .75 .037 017 .50 .053

The parameter Iny is the flow rate of evaporated vapor given by the relation

iy = (1 - RY) e
These values of my, /fiwer are for the x = 2-foot (0.6-m) station and are plotted in
figure 28 as the circular symbols. Comparison with the results of the simple theory
(the solid lines) indicates that the amount of water vapor calculated to be present at the
antenna station during the flight experiment is in reasonable agreement with the amount
of water vapor calculated to give the observed signal recovery on the basis of the simple
theory with complete evaporation. Since these calculated amounts of water vapor are
based on the minimum water flow rates that resulted in signal recovery (fig. 26), it is
apparent that the simplified equilibrium theory and equation (8) may be used to provide
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design estimates of required water flow rates if the fraction of the injected water that
evaporates is used in the equation as me.

In order to obtain a further check on the validity of this simplified method for
estimating water-flow-rate requirements, the results of the Gemini-Titan 3 (GT-3)
reentry communication experiment (refs. 10 and 11) are analyzed in the same manner as
that used for the RAM B2 results. In the GT-3 experiment, signal recovery was obtained
on VHF down to an altitude of 245 500 feet (74.8 km) where a flow rate of
e = 6.8 lom/sec (3.1 kg/sec) was required to give marginal signal recovery (refs. 10
and 11). From reference 43 the values of f; and R3 at this altitude were fi=0.4
and R3 =0.75. Then with ry = 3.75 feet (1.1 m) there is obtained

My

lbm kg
fiwer 0096 sec—ft2 <0.48 sec-m2>

which is plotted in figure 28 at the altitude of 245 500 feet (74.8 km). The vehicle veloc-
ity at this altitude was 23 840 ft/sec (7.3 km/sec), so the experimental value of 0.096 is
somewhat higher than the predicted requirement according to equation (8). The agree-
ment is considered remarkably good, however, since the size, configuration, and flow
conditions for the GT-3 experiment are considerably different from those of the RAM
case,

It should be emphasized that these results do not imply that homogeneous equilibrium
recombination is responsible for the reduction in electron concentration for any of the
present flight conditions. Rather, it may imply only that some other mechanism causes
the Nge levels to approach equilibrium values.

Theory of free electron depletion by heterogeneous reactions.- The mechanisms for
reduction in electron concentration to be considered in this section are ionic reactions
that may occur at or in the immediate vicinity of the surface of the water droplets. At
the low static pressures occurring in the flow field for flight conditions, the water drop-
lets may freeze. When electrons collide with a droplet, which thus may be either liquid
or solid, several things may occur: (1) the electrons could be reflected diffusely or
specularly; (2) they could be attached to the water molecules or other species at or near
the surface of the droplet; (3) they could recombine with ions which have also collided
with the droplet; (4) they could be absorbed as free electrons and as such would remain
on the surface of the droplet because of mutual repulsive forces.

The number of electrons that can be captured and held as free electrons by a drop-
let are limited by two main effects. One of these is the number of surface electron
charges required to shatter the droplet against the forces of surface tension. Another
effect limiting the rate of electron collisions is the repulsive forces due to net accumula-
tive charge on the droplet. These limiting effects have been considered in reference 16,
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where it is shown that for typical flight conditions the first effect is negligible. The
repulsive forces due to accumulated charge vary the capture cross section, and after a
very short transient period these forces limit the electron collision rate to the same as
that for ions.

The present analysis (appendix C) considers the mean electron removal rate that
occurs in the spray mixing region, and, by including an arbitrary capture efficiency factor
or an effective capture cross section, any or all of the mechanisms mentioned previously
can be accounted for. The objective of the analysis is to obtain estimates of effective
values of the factor which would account for the observed effect of the water injection on
signal attenuation in the RAM B2 flight. If the attachment or capture mechanisms
considered here are the dominant ones, then these values can be compared with the theo-
retical predictions of reference 16 and also can be used to estimate the amount of water
required to give signal recovery under different conditions.

Details of the analysis are given in appendix C. The general equation for electron
concentration is

N, (VmAm) ml, (t R2V,
X = exp| - ry dt (9)
&1 VmAm %rlpl 0 VmAm

where Ng is considered the peak value at any streamwise station. An approximate
solution which is applicable near the injection site for RAM B2 conditions is

fn 0.149/p,, 1x\0-575 _
= exp|-178 ¢ (1 + W:v> <Tm"r1_> fe (10a)
e,1 Pm,1Vm,14m,1 t™1

or, solving for fc gives

f, = -0.00562 (10D)

0.575
pm,lvm,lAm,l /plrl > n Ne
oL+ PP T

The apparent variation of fc with altitude that would be required to reduce the
value of Neg to 8 X 108 (the critical value for VHF transmission) is plotted in figure 31.
The minimum water flow rates from figure 12 were used in the computation; other values
used are given in table III. The initial values of electron concentration just upstream of
the injection site Ne,l are based on measured values obtained during the RAM B3 flight,
as reported in reference 32. The lines shown in figure 31 are for constant values of ry
as indicated, and the three circular symbols represent values of r; computed from the
correlation equations of reference 42. Included for comparison are theoretical values
computed by the method of reference 16 and semiempirical values from reference 11.
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The values of f; from these references, as well as the present empirical values, are
all in reasonable agreement with experimental values deduced from the measurements of
reference 17. It is therefore concluded that the principal mechanism causing signal
recovery was the heterogeneous reactions. This conclusion is in agreement with the
results of reference 11 where typical finite rate homogeneous reactions were included in
the analysis and were found to have a negligible effect on electron depletion for the

RAM B2 flight conditions.

Observed signal recovery during third-stage burning period.- Since the signal levels
from the Coquina station (fig. 17) are free of rocket exhaust effects during third-stage
burning (because of the favorable aspect angle, see figs. 6 and 11(c)), these data will be
used for the discussion in this section. The first injection pulse was from the side
nozzles and varied from about 1.0 to 2.0 lbm/sec (0.45 to 0.9 kg/sec) (fig. 12). Complete
recovery was immediately obtained for the forward and middle antenna signals which had
been attenuated by about 18 and 9 dB, respectively. The signal from the rear antenna had
not as yet been attenuated noticeably,

The next side injection pulse started at 115.5 seconds, and by 117 seconds complete
recovery occurred for the forward antenna (fig. 17(a)), but only partial recovery of 9 to
10 dB occurred for the middle and rear antennas (figs. 17(b) and 17(c)). This amount of
recovery for the middle antenna signal was the same as that observed for the first side
injection pulse from this antenna., This result would be expected since the minimum
flow rate for the first side pulse (1.0 lbom/sec (0.45 kg/sec)) was the same as the maxi-
mum value for the second side pulse, and the pertinent values of W* would then be
about the same. The fact that full recovery occurred at the forward antenna but only
partial recovery occurred at the downstream antennas indicates that for this flow rate
there may have been narrow regions of plasma still present on each side of the coni-
cal portion of the vehicle (at locations displaced laterally 90° from the injection sites)
where the spray had not penetrated. As the flow moved downstream, these narrow
regions of high electron concentration would spread out by diffusion or mixing until trans-
mission from the downstream antennas was partially blocked. The concentration of
water spray would be much less at these downstream antennas than at the forward antenna
because of the increased normal penetration of the spray as it is swept downstream, (See
fig. 24.) Apparently the local water concentrations were then too small to reduce the
average values of Ng below the critical level. These results indicate that it might be
difficult to maintain a narrow slot of reduced levels of N, for long streamwise dis-
tances of several feet in an ionized flow field. On the other hand, as mentioned previ-
ously, data for the downstream antennas probably should not be used for reliable esti-
mates of Ne.

Observed signal recovery after third-stage burning.- In general, the side injection
pulses did not result in complete signal recovery, and they were more effective for the
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forward antenna than for the middle or rear antenna (figs. 15 to 18). The smallest
recovery was generally obtained at the rear antenna. This decreasing effectiveness of
side injection with increasing streamwise distance from the injection site has been dis-
cussed previously.

From third-stage burnout until about 140 seconds the maximum signal strength
from the forward antenna during side injection was down only 2 to 8 dB from the recovery
level obtained during stagnation injection. (See part (a) of figs. 15 to 17.) From 140 sec-
onds to the end of the data period, the maximum signal strength was below recovery for
stagnation injection by as much as 8 to 12 dB. This decrease in effectiveness of side
injection with altitude has been noted previously in the discussion of figure 26 for
W*Z£ 0.3, Since W* is increasing with altitude, the injected water is apparently being
utilized less efficiently as the altitude increases. This reduced efficiency may be asso-
ciated with changes in the heterogeneous processes with altitude,

The present analysis of equilibrium homogeneous cooling effects indicates that con-
centrations of N, would be reduced to less than critical by these effects alone. (See
fig., 29.) When the actual minimum injection rates are used together with the theoretical
evaporation predictions, the resulting flow rates of water vapor are in reasonable agree-
ment with simple theoretical predictions of flow rates required to give critical values of
Ne, as shown by the points plotted in figure 28. Since these minimum flow rates appar-
ently do correspond to approximately the minimum required to give significant (but not
complete) signal recovery, it appears that the equilibrium homogeneous assumptions
including finite evaporation rates give results which are in reasonable agreement with
the experimental results. It is emphasized again, however, that homogeneous mechan-
isms do not account for the observed reductions in Ng, since the analysis of refer-
ence 11 of the combined effects of heterogeneous and homogeneous mechanisms indi-
cated that the former was predominant. The assumptions of equilibrium homogeneous
conditions merely provide a convenient design tool.

CONCLUDING REMARKS

A flight test has been conducted to determine whether radio attenuation during
hypersonic flight can be alleviated by the injection of water into the flow field. The test
vehicle was a cone-cylinder-flare configuration with a spherically blunted nose of 4-inch
(10.2-cm) radius. Attenuation levels with and without water injection were measured
during the ascending portion of the trajectory for transmission frequencies of 30.8, 225.7,
244.3, 5600, and 9210 megacycles over a range of altitudes from 120 000 to 290 000 feet
(36.6 to 88.4 km) and a range of velocities from 9000 to 17 840 ft/sec (2.7 to
5.4 km/sec),
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For the conditions of this test, the signals with frequencies of 5600 Mc and higher
were not noticeably attenuated, but the lower frequency signals were attenuated because
of the plasma from approximately 15 to 35 decibels, depending on the bandwidth character-
istics and location of the antennas. The 244.3-megacycle signal was completely blacked
out. Attenuation due to the plasma layer started at an altitude of 130 000 feet (39.6 km)
and a velocity of 10 700 feet per second (3.3 km/sec) and ended at an altitude of approxi-
mately 250 000 feet (76.2 km) and a velocity of 17 400 feet per second (5.3 km/sec).
During third-stage burning, attenuation due to rocket exhaust was observed at receiving
stations located behind the vehicle.

Water injection was initiated at an altitude of 148 000 feet (45.1 km) and a velocity
of 14 000 ft/sec (4.3 km/sec). The water was injected in pulses alternately from the
stagnation region and from the sides just aft of the sphere-cone junction, Each pulse
consisted of increasing flow-rate levels and was of 2 seconds duration. The pulses were
separated by a no-injection period of 1 second.

After third-stage burnout and during stagnation injection, practically complete sig-
nal recovery was observed at all stations within range and for all attenuated frequencies.
The minimum water flow rate varied during this time from about 0.3 lbm/sec to
0.1 Ibm/sec (0.136 to 0.045 kg/sec). The forward penetration of the liquid jet may have
been large enough to modify the bow shock to a sharp configuration. For these condi-
tions, the production of free electrons would be reduced sufficiently to allow radio
transmission. Oscillations in signal strength (apparently caused by fluctuations in for-
ward penetration) and theoretical calculations indicated that homogeneous cooling
mechanisms and heterogeneous mechanisms were also effective during stagnation injec-
tion. Consequently, it is not possible to identify any particular mechanism as the pre-
dominant cause of signal recovery for stagnation injection.

During third-stage burning, complete or substantial signal recovery was obtained
from all vehicle antennas except the most rearward one, and at all ground stations
except the two having the most rearward aspect angles. These results showed that
attenuation due to rocket exhaust was not affected by water injection in this flight test.

In general, the side injection pulses did not result in complete signal recovery, and
they were more effective for the forward slot antenna (244.3 Mc) than for the midbody
ring antenna (30.8 Mc) or the rear flare antenna (225.7 Mc). The minimum flow rates
for side injection decreased from about 0.1 to 0.05 lbm/sec (0.045 to 0.023 kg/sec) per
side during the data period. The decreasing effectiveness with increasing streamwise
distance from the injection site is believed to be caused by cross-current mixing and

diffusion of free electrons that would come from forward regions of the flow field where
the spray had not penetrated.
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The fact that partial but significant signal recovery was obtained during side injec-
tion indicated that the minimum test flow rates used were near the minimum amounts
required, and indicated that an evaluation of an empirical factor that represents a mean
recombination efficiency factor for heterogeneous reactions can be made., Comparisons
of the present values of this factor with theoretical calculations and laboratory measure-
ments made elsewhere for an analogous factor indicate good agreement, Calculations
in the present report indicate that the assumptions of finite evaporation rates and equilib-
rium conditions provide reasonable estimates of water flow rates required to give signal
recovery. The principal mechanism for electron depletion, however, is apparently the
heterogenous processes that occur on or near the surface of the water droplets.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., August 12, 1966,
125-21-02-09-23,
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APPENDIX A

COOLING PREDICTIONS BASED ON INTERCEPTED FLOW CONCEPT
By Ivan E. Beckwith, Dennis M. Bushnell, and James L. Hunt

The intercepted flow method is intended to provide estimates of injected mass flow
that would be consistent with the concept of a cooling mechanism for reduction in electron
concentration. The main parameter is the final equilibrium temperature Tg of the mix-
ture. Avalue of Tg can be adopted that is presumably effective in electron suppres-
sion for a given set of experimental conditions (such as those of the RAM B2 flight)
wherein a corresponding amount of injected material was observed to provide recovery
of radio transmission. Whether this value of Tg actually was obtained in the test.is
moot; the objective is merely to provide a consistent frame of reference for projection
of experimental results to other conditions.

Assumptions
The principal assumptions used in the analysis are as follows:
1. The flow is one-dimensional and steady.

2. The coolant just penetrates to the streamline that has passed through the bow
shock at a point which is the radial distance rj from the vehicle axis. The values of
ri are determined such that for no injection this amount of intercepted air mass flow
(‘lTrizpooVoo> would have a mean electron concentration of 102 at the final downstream sta-
tion in the flow field.

3. The coolant is completely evaporated and the mixture is in chemical and thermo-
dynamic equilibrium at the downstream station.

4. For localized side injection, the flow-field pressures and body pressures are
the same as for the undisturbed case, and the entering flow streamlines do not deviate
from the meridian plane.

5. The bow shock shape ahead of the injection station is not modified by side
injection,

The last two assumptions are based on the experimental observations of reference 18,

Equations

The control volume used for application of the conservation equations is defined in
the following sketch:
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~ Bow shock

. p
Streamline g -

i @
gstation 2

\ f, _ PE
1= 7
Sketch (a)

The coolant is injected at the rate m; and the liquid jet may be inclined at the angle 6,
as indicated. At station 2, the coolant is assumed to be distributed uniformly in the area
fin(rzz -Trg 22>. For symmetrical injection from both sides of the vehicle, as for the

b

RAM B2 flight, f; = Ts The previously mentioned assumptions then give the entering
air mass flow as

my = fi7rr-12pooVoo
Conservation of mass then requires that
. 2
finrizpono + mg = finp2V2<r2 - rB,zz)

m
or, from the definition of W™ = -.—-9, this equation can be written

ma
2
1+w*-.p_2_‘_,_2_ f_z_z_ B2 (A1)
- poovoo ri ri

The equation for conservation of momentum in the X-direction may be written as

maV, + finrizpoo - §;Dg + pavfiﬂ (rzz - riz) - ™ V; cos 6;

= (fna + r'nc)Vz cos 6 + pofjm (rzz -rg 22)

Division of this equation by ﬁlan and substitution for rg /ri from equation (Al) then
gives
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Vo T
Zl +W*)COS Voo Moo COS 0 Too M2 pz
where
2
p r
14 5&1[(_1%3) } 1} .
i
U-l—lCDB<B%2>+ i - w* =L cos ¢
2 Y ry .),MOOZ o
D
B
Cp,B =
2 2
‘ ’ %poovoo ’ITI‘B 9
p Too M , ,
and, from the equation of state, 2. -p—2— _— —_—2- The quantity Dg 1is the total body
Po Poo Tg M

drag for a hemisphere-cone of base radius r'p 9 and may include the skin-friction drag.
b

The conservation of energy requires that

2 2
v A\
i+ 1) = e (i + 9 &

where the heat transfer to the body surface is neglected. In order to utilize the computer
program of reference 41, it is convenient to define a reference enthalpy as

hpef = hg - Ah

where Ah = Ah(pz,Tz,W*) and at T ¢ all the constituents of the mixture are in the

gas phase and still undissociated. The first term on the right-hand side of equation (A3)
can then be written as

(r’na + I'nc)hg = (r'na + fnc)Ah + Mahpef 5

* ﬁ“CE’c,O *Cp,2 (Ts - Tz,o) + cp,v(Tref - Ts) + L]

and equation (A3) then becomes

2
(V_2> - Vel Wy 2ab (A4)
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where

Calculation of rj

As mentioned previously, the radius of the entering stream tube of air is obtained
by specifying that this amount of air would have a mean electron concentration Ng o of
10° electrons/cm? at the downstream station for the condition of no injection. This
value was chosen for application to the RAM B2 flight with the idea that it would certainly
result in the maximum amount of air that would have to be cooled.

Equations (A2) and (A4) are used with W* =0 to obtain the required values of ri.
Thus, by setting W* =0 and solving equation (A2) for rj /rB 9> there is obtained
b

1/2
|— 1 1 Pay ~‘ /
208 30,
rrl =| v v — P (45)
B2 1-22os9+-2ccosh-—1 (-2 _4
where, from equation (A4) with w* = 0,
1/2
v 2h 2¢, ,T
2.0 (22 4 Pa (A6)
Voo v 2 * A% 2
© /W*=0 ®©

The quantity ¢ is defined as

o <T2 ﬁoo>
“T M2 T W
YM,“cos 6\ Mgy w*

For the given values of Py and the specified value of Ne,z (109 electrons/ cm3), the
corresponding values of Tg, Mg, and hg are obtained for air. Then with CD,B and
P,y SPecified, the corresponding value of r; is calculated from equations (A5) and (AS).
These values of r; are then used in the general equations (A2) and (A4) to find the values

eR

=0

of W* required to give specified temperatures at station 2. The values of (ri /rN>2
used in the calculation are plotted in figure 32. This radius ratio is related to the refer-
ence air mass flow mpef by the equation

2 .
(i) __1 ™M
= -
'N LW Myef
MR 4. 45
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where

9
Myof = TN PooVeo

Application

Equations (A2) and (A4) are solved simultaneously for Vo /V w and Tg, with w*
as a parameter. The molecular weight of the mixture Mz and Ah were obtained by
using the computer program of reference 41. Typical plots of Ah as a function of T
for various values of W* are shown in figure 33. These plots illustrate the effect of
the large heat of dissociation of water vapor on the enthalpy of the air-water mixture,
and they indicate that dissociation of the water vapor is appreciable at 45000 R (2500° K).
The pressures of 0,005 and 0.0005 atmosphere are representative of flow-field pres-
sures for the RAM B2 flight, as indicated by figure 34, which is a time-variation plot of
typical pressures based on the flow-field solutions of reference 38.

The variation of electron concentration with temperature for mixtures of air and
water vapor for typical pressures is shown in figure 35. These plots show that for
equilibrium conditions the electron concentration at a fixed temperature and pressure is
generally reduced slightly by the addition of water vapor. In these calculations, the con-
centrations of neutrals were obtained with the computer program of reference 41, and the
main contributing ions for temperatures below 7200° R (4000° K) were found by using
Saha's equation to be NO¥, Og¥, HyO%, and OH . Above 7200° R (4000° K), the main con-
tributors were H*, N, and Ot.

The results of the calculation for the RAM B2 flight conditions are shown in fig-
ure 36 where Tg is plotted as a function of W* for six trajectory points from 110 to
190 seconds. Station 2 in this figure was taken at an axial distance of 25 inches (63.5 cm)
from the nose near the upstream end of the 244.3-Mc slot antenna (see fig. 2). Fig-
ure 36(a) is for side injection with a body drag coefficient CD B of 0.30, and figure 36(b)
is for nose injection with a value of CD B of 0.06. This lattér value would be for the
condition when the bow shock is pointed, as obtained in reference 18 for large mass flow
ratios.

Figures 38 and 37(b) were obtained by interpolation for W* from figures 36(a)
and 36(b), respectively, at the desired values of Tg. The coolant mass flow ratio was
then computed from the identity

me = ﬂfirizpooVOOW*
where r; was obtained from figure 32.

The computed water flow rates for injection from the stagnation region, shown in
figure 37, are not affected by fj, which would always be unity for this case. For large
injection rates, the body drag would be changed because of the effect of stagnation
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injection on the bow shock shape. In reference 18, it was shown that when the ratio of
the momentum of the injected liquid to the momentum of the airstream contained in a
stream tube of model nose diameter exceeded about 0.01, then the bow shock modifica-
tion becomes appreciable. For small values of this momentum ratio parameter of about
0.005 or less, the bow shock is essentially undisturbed. The minimum and maximum
extremes in body drag due to changes in bow shock shape can therefore be approximated,
respectively, as the drag for a sharp 9° cone, corresponding to large shock modification,
and the drag for the undisturbed hemisphere cone, corresponding to small shock modifica-
tion and small injection flow rates.

This maximum body drag is used in figure 37(a) and the minimum drag is used in
figure 37(b). These results show that a smaller injection flow rate is required to obtain
a given value of Tg when the minimum drag is used, that is, when the momentum ratio
is large enough to modify the shock. As discussed previously (see the section entitled
""Stagnation Injection'), the spray penetration was probably large enough during most of
the injection period to modify the shock to some extent. The predicted water flow rates
corresponding to actual body drag would therefore be somewhere between the extremes
shown in figures 37(a) and 37(b). It is thus indicated by comparison of the predicted
curves for Tg = 40000 R (22000 K) with the actual flow rates injected at the stagnation
region (also plotted in fig. 37) that the minimum amount supplied would be sufficient to
give signal recovery, on the basis of this idealized analysis of equilibrium cooling effects.

Typical results for side injection are shown in figure 38 where the predicted values
of water flow rates m¢ for various mixture temperatures Tg are plotted as a function
of time from launch. Also included in the figures are curves representing the envelopes
of the maximum and minimum mass flow rates injected during the flight, as obtained
from figure 12,

The value of W* in these calculations corresponds to the mass ratio of water
vapor to air required to give the specified value of Tg at the downstream station. These
values of Tg were taken as 20000, 30000, and 4000° R (11000, 17000, and 2200° K). On
the basis of the tests of reference 18, the value of fj for injection from both sides has
been estimated to range from about 0.5 to 1, depending on the number of orifices oper-
ating and the altitude. (Typical values of fj for injection from one side are shown in
fig. 25).

The value of f; of 0.5 which was used for figure 38(a) thus represents conditions
at lower altitudes, or when only a few orifices are operating. A value of fj of 0.75, as
used in figure 38(b), is more representative of conditions at higher altitudes, or when all
injection nozzles are operating. The numbers with each computed point in figure 38(a)
are the values of W* which are obtained from cross plots of Tg as a function of W*,
as discussed previously. The equilibrium electron concentration for Tg = 4000° R
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(2200° K) (the maximum value used in the calculations) would be less than
109 electrons/cm3. Thus the present idealized cooling analysis, in which complete evap-
oration and equilibrium conditions were assumed, indicates that the minimum flow rates
for side injection during the flight should be sufficient to give signal recovery since these
minimum flow rates are generally larger than the predictions for Tg = 4000° R
(2200° K).
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QUASI-ONE-DIMENSIONAL THEORY FOR MEAN
DROPLET MOTION AND EVAPORATION
By Ivan E. Beckwith and Sadie P. Livingston

General Equations

The following approximate theoretical analysis is intended to provide first-order
estimates of spray penetration and evaporation times and distances. Since a rigorous
treatment of the problem is not at present feasible, several assumptions are introduced
in order to simplify the solution. It is believed, however, that the essential characteris-
tics and parameters of the problem are retained. The analysis is similar to that of
reference 44,

Steady flow is assumed and the conservation of mass, momentum, and energy is
required in a control volume indicated in ihe foliowing sketch:

Y Y J
A -Flow streamline

Vd,l ’ r.nC

Sketch (b)

It is assumed that the liquid jet is injected into a parallel and uniform gas stream from
a single point at the origin where it breaks up into a spray of uniformly sized droplets.
At some distance x from the origin, the spray is assumed to be uniformly distributed

over an area 3 esymaxz’ and the mean effective velocity of the droplets is

Vd = \[Vd,xz + Vd’yz. The mean velocity of the mixture at this same station is

Vm = \/Vm,x2 + Vm’yz; therefore, the local relative velocity between droplets and gas

mixture is V = \/(Vm,x - Vd,x>2 + (Vm,y - Vd’y)z.

Conservation of mass.- The free~stream mass flow rate contained in the spray
region at any station x is mg. Hence

where m. is the injected coolant mass flow rate (a constant), ty, is the mass flow
rate of the mixture of gas and evaporated coolant, and r'nl is the mass flow rate of
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coolant still in liquid form. The mean droplet radius r is therefore defined by

3
(f-1> =R3--L (B2)

where ry 1is the initial droplet radius at the injection site. The ratio of injected coolant
flow rate to the flow rate of gas is

w* = ﬂ (B3)
may
which is, in general, a function of x because of the spreading of the liquid spray as it
is blown downstream. From equations (B1), (B2), and (B3),

Dm-;.-gpd, L (B4)
me w

Momentum.- The mixing and evaporation process is assumed to occur at constant
pressure; therefore, if shear forces at the body surface are neglected, the momentum
equation in the X-direction is

By the use of equations (B2), (B3), and (B4), equation (B5) can be written as

Vgt w*vd,x,1 - W*R3Vd,x

Vinx = (B6)
" 1+ W*(l - R3)
Similarly, the momentum equation in the Y-direction is
* _ w*nd
Vg,y + WVq,y,1- WRVqy
1+ W*(1 - R3)
Energy.- If the heat transfer to the model surface is neglected, then conservation

of energy requires that

' 2 2 2
. v . Vd 1 . Vm . Vd
ma<hg,1 + __2g_2> + mc<hl 1+ —é——) = mm<hm + 5 +m, h; + > (B8)

The use of equations (B2), (B3), and (B4), the introduction of the latent heat as

L=hyg-hy g

and the assumption that
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then give the result
2 2
1 2 \4 \'
m=[1+wH1-R3) Yo"~ (hret - hog +w*<—§2z-1—- R3%>
2
- w1 - R3)|:L + (hpgt - hs)‘;] -3 Vim (B9)

where Ahpy =hy - hm,ref. For convenience in the use of the computer program of ref-
erence 41, the value of Ty, is chosen to be between the condensation temperature and
the dissociation temperature of the injected material; therefore,

-1
hm,ref = [1 + W*(l - R3):] [W*(l - R3)hv,ref + hg,ref]
which has been used to obtain equation (B9).

Motion of droplets.- The total force on a droplet is

F-= %p v2rrlcp (B10)

The force in the X-direction is given by the mass times the acceleration

3 WVq x

= (B11)

Fy = % ;T

If the droplet is spherical, the total force vector is in the same direction as the relative
velocity V, so that

\' -V
F.=-mx  'dxp

X A"
The acceleration in the X-direction can then be written as

dVagx 3 (Vm,x - Vd,x)me p

= B12
Similarly, the acceleration in the Y-direction is

dt 8p; 1y R

For convenience in machine computations, two expressions for drag coefficient for
different ranges in Mach number are used. For M 2 0.5, an expression similar to that
of reference 45 is

‘A(NRe,f )n
) (B14)

Cp = Cp,c +(Cp,Fm - Cp,c)e
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where
\'

V 'Vmﬁm T

Py V2r
Re,f =~ s

M =

N

The quantities CD c CD FM? A, and n are given as functions of M in table IV,

The basic express1on of reference 45 was modified to match the data of references 46

to 48. The values for the continuum drag coefficient CD c are taken from the data of
b

references 49 and 50, while the values for the free molecule drag coefficient Cp s
3

are taken from reference 51, page 704. An expression for M < 0.5 was also derived to
match available data (refs. 52 and 53) and is

(C ) 51 1M
Dm=0 "N .
Cp = Re,f (B15)
1 +0.256M |(Cp)yr_g * 2ot
Re,f
where
24 0.82
(Cp) M=0 NRe p +0.4 +1.6 exp[ 0. 028(NRe f) ] (B16)

Heat transfer to droplets.- The heat-transfer rate per unit area into a droplet is
assumed to be used entirely for the heat of vaporization, and radiation is neglected;
therefore

3
2q = -1, 2 dr®
dmr®q = -L gm0 G
or
q:-l%.d_l;z_
2 I dt

The Nusselt number for heat transfer to the droplets is defined as

qarc
N, = p,w,0
Nu kf(haw - hW) 0

where the subscript 0 denotes zero mass transfer conditions and k¢ is the droplet
film thermal conductivity. Because of the small size of the droplets and their associated

boundary layer or film, it is assumed that the gas composition is frozen across the film,
so that

2
(haW - hW)o =0 12' * Cp,m (T B TW)
52 SO
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where Ep,m is the frozen specific heat of the mixture and 7, o Is the recovery factor
b
for the droplet with zero mass transfer.

-

During the lifetime of the droplet its relative velocity varies from approximately
Vg to zero, and its radius varies from r; to zero. If the initial acceleration is large
and the evaporation rate is small, the relative velocity may become small before the
droplet has lost much mass. The Nusselt number may thus vary from values in the free
molecule regime up to values in the continuum regime. In order to provide for a con-
tinuous transition from free molecule to continuum values and also to include the effect
of mass transfer on heat transfer, the Nusselt number is written as
NNu,C (%0
Ny = —N——i_ (B17)
Nu,C dg
l+———
NNu,FM
This expression is similar to one developed by Kavanau (ref. 51, p. 725). The ratio
q/9dq is adapied irom reference 54

L <1 A7 ek fAT> (B18)

where

The expression for the Nusselt number in continuum flow is (ref. 54, p. 22)

Nyuc =2+ O.B(Npr,f>1/ 3(NRe,f>1/ 2 (B19)

where, for the present analysis,

(2
NPr,f —( k 1

The Nusselt number for free molecule flow is written as

\'p)
-2 + hm - hW
Ym * 1 prnr,FM - *'m
NN, FM =~y NstPmV 2F —r V2 (B20)

nr,OT"'hm'hW

where it is again assumed that hy, - hy = Ep’m(T - Tw). The free molecule Stanton num-
ber Ng; is given in reference 51, page 699. This exact variation of Ngt can be
matched satisfactorily by the expression
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0.408
0.104 .-1.166(5)""
Ng = 114+0125[ ®) ] (B21)

where
\'

ZI—tmT

S =

The free molecule recovery factor e . FM (ref. 51, p. 699) can be matched by the
)

expression
_ 7m { -0,70178
My, FM = T+ 1 2+0.7e ) (B22)

Gas Properties

Thermodynamic properties.- The thermodynamic properties of the mixture of gas
and vapor depend on the ratio of the mass of evaporated coolant to the mass of original
gas

Ww* = w*(1 - R3) (B23)

The ideal gas law is used for the density

o =P (B24)
R, T
where, for thermodynamic equilibrium
T = T(hm,p,W*) (B25)
Ry = & (B26)
Mpm

The computer program of reference 41 for the equilibrium thermodynamic properties of
arbitrary gas mixtures is used in the present solution.

An alternate procedure for evaluating the thermodynamic properties is also avail-
able wherein the gas species entering the control volume at the injection site are assumed
to be frozen and the evaporated liquid is assumed not to dissociate. The specific heats of
the entering gas mixture and the evaporated liquid are assumed to be constant. This pro-

cedure was used for the computations of reference 40 and is described in more detail in
that report.

Transport properties.- The transport properties were computed from the mixture
equations of reference 55 when the gases are all nonpolar. The film viscosity and ther-
mal conductivity were evaluated at the film temperature, which is defined as

54 SRR,
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1{_v2
Tf = —<_—'— + T+ TW) (B27)

2\2¢p m
The mole fractions of the various gas species, as required in the equations of refer-
ence 55, were modified to represent an average composition in the film. Because of the
small thickness of the film, it was assumed that for the computation of transport proper-
ties no recombination of free-stream species or dissociation of the evaporated liquid
takes place within the film. Thus, if Xj is the mole fraction of the gas phase of the
injected material, the value in the film is

X1,6= %(XI,W +Xq m) (B28)

It was also required that for any other species

X 1 Xim
S 122 (B29)
< L N -
Y Xt ) Fm
i=2 i=2

v v

so that from equation (B28) and the requirement that Z Xi,f = z Xi,m = 1, the mole
i:l i=1

fraction of the other species in the film is

1
X, (- 1-5(X1,w + X1 m)
b 1'- X1 m

Xi m @22 (B30)

where there are v» species present and Xj ,, are the mole fractions in the free
b
stream as obtained with the computer program of reference 41.

When one or more of the gases present was highly polar, as for example water
vapor, the viscosity was still computed from the equations of reference 55 with the con-
stants obtained from reference 56. In the calculation of thermal conductivity, however,
two alternate methods were programed. In the first method the term which would nor-
mally appear in the mixture equations of reference 55 for water vapor (species 1) as

g Micy 1
0.88<—5-———R&— - 1>

was replaced by

iM_lcm_1>
15 &
AR ., 55
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since the data for water in references 57 and 58 indicate that the value of the Prandtl
number for water vapor may be assumed as unity for a wide range of conditions. In the
second method, the film viscosity was assumed to be that of water by using the method
and constants of reference 56. The film thermal conductivity was then computed from
this viscosity by assuming that Np, = 1 and by using the specific heat of water from the
program of reference 41. It should be noted that both methods gave essentially the same
results when applied to the conditions shown in figures 29 and 30 of the text.

Solution

The equations derived in this appendix have been programed for solution on the
IBM 7094 electronic data processing machine. The integration technique employed is
based on the classical fourth-order Runge-Kutta method and a variable interval size.
The variable interval size controls local truncation error by comparing a full-step size
with two half-step sizes, and adjusting the interval accordingly. Extrapolation to zero
interval size is then employed, which gives rise to fifth-order integration. Partial
double precision is used internally to control roundoff error. The equilibrium thermo-
dynamic properties of the gas mixture are computed at each step of the Runge-Kutta
method.

In these solutions, W* has been assumed constant, since no satisfactory method
for determination of g and Ymax Was found. This assumption yields reasonable
results (within the basic limitations of the theory) except in the region just downstream
of the injection site. In order to simplify the calculations, was taken as the frozen
specific-heat ratio of the mixture.

Ym
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FREE ELECTRON DEPLETION BY HETEROGENEOUS REACTIONS
By Ivan E. Beckwith

In this appendix a quasi-one-dimensional analysis is developed that accounts for
all possible ionic or attachment processes that may occur on or near the surface of
water droplets (or ice particles). These processes are known as heterogeneous reac-
tions, since their occurrence depends on the presence of an interface (the droplet surface)
between the liquid and the gas. The analysis is similar to that of reference 11 except
that homogeneous recombination terms are not included since it was shown in that refer-
ence that these terms as formulated did not have any significant effect.

Conservation of Free Electrons

A control volume is set up that is bounded by gas flow streamlines, as indicated in
the following sketch:

Spray area

v Sketch (c)

The parameter V., 1 is the mean mass velocity of the gas entering the control volume,
b
The concentration of free electrons in this gas is Ne 1 therefore, the number of free
’
electrons entering the control volume per unit time is

Ne,1Vm,141 (€1)
At some station x distance downstream, the gas mixture velocity is Vy, and the drop-
let velocity V4. The number of free electrons leaving the control volume at this station
is
NeVmAm (C2)
where, in general, A= Ap +A;.

Now if it is assumed that the only mechanism present for removal of free electrons
from the gas flow is heterogeneous reactions at or near the surface of the droplets, there

NNy v 57
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would be a total of (on the average) n free electrons removed from the gas flow per
drop, during the time a ""mean’' droplet traverses the distance x from the injection site
to station x. The number of droplets leaving at station x is

NgVg4A
where Vg is the droplet velocity (average) and Ng is the droplet concentration
m
1
Nd =[—2C (C3)
%nr13pl VgA

The quantity in the brackets is the number of droplets per second that are injected into
the control volume. For steady flow this number is a constant.

In order to conserve the number of electrons originally entering as free electrons,
the following equation must be satisfied:

Ne’lvm,lAl = NgVihAp, + DNgV4A
or, from equation (C3),
m,

3
§ Trrl pl

Ne,1Vm, 181 = NeVmAm + n (C4)

Rate of Electron Depletion Per Droplet

From simple kinetic theory concepts, an approximate expression for the number of
free electrons removed (per unit time per unit volume) by heterogeneous reactions from
a static gas with suspended particles is

fc’lTi'szNeVe (C 5)

where Vg is the mean thermal velocity of the electrons, f, is a capture efficiency
factor, or the fraction of total collisions (as defined) that result in the removal of an
electron, and r is the radius of the effective collision cross section of the droplets or
ice particles. The parameters Ny and Ng are the droplet and electron concentra-
tions in a system that would be at rest; that is, there is no relative mean mass motion
between gas, electrons, and droplets. If relative motion between the gas and droplets is
imposed, it is assumed that the effect would be small, since any mean mass velocity
would be small compared with V. Thus, for application of equation (C5) to a dynamic
system, it can be assumed that the rate of removal of free electrons per droplet is given
by _

% = £,172NeVe (C6)

where, by definition, the time derivative follows the mean droplet.
58 R
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General Equation

Taking the derivative of equation (C4) (following the droplet) gives

d me  di
4 (NVpAy,) = - s 30
atl ) Lr 3, &

Substitution of equation (C6) and rearrangement gives

-2
, r 2
d(NeVmAm) _ i (?) f.R“Ve

dt

where R = rL Integrating over the time of " flight" or exposure of the mean droplet

then gives

Ne (VmAm)l efe S‘t RzVe

= exp|- dt (c)
4 VmA
\ 3 rlpl 0 YmSm

Ne,l VmAm
where f. is a mean effective value of the product (r/ r)2fc over the specified time
interval. As mentioned previously, the objective is to evaluate fc from the RAM B2
flight results, where signal recovery was obtained by water injection. Then with the
assumption that the same values apply to other situations, it should be possible to deter-
mine the minimum injection mass flow of water required to give signal recovery for any
other problem where the flow variables, geometry, and size are not too different from
the RAM B2 case.

Approximate Solution

Because of the exponential form of equation (C7), most of the reduction in Ng
would occur for small times before the droplets move very far downstream. For this
condition, the values of p,,, Ve, and r canbe assumed constant at their initial values,
and the conservation of mass requires that VA = Vm,lAm,1° Equation (C7) then
becomes

N mf v
e,1 §rlpl m,1m,1

An approximate expression for the instantaneous acceleration of the droplets in the
X-direction is used to determine the exposure time t of the droplets. The general
expression for this acceleration is (see appendix B)

ddex ) 3meD
dt 8pl T
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The values of P CD, and r can here be assumed to be equal to their initial values.
The relative velocity V between the droplets and the airstream is given approximately
by
V=Vimx” Vd,x

The constant pressure momentum relation (eq. (B6)) becomes
_ * *
Vim,x = Vm,x,1 +W'Vq x1-WVqx
Substituting these results into equation (C9) and integrating twice over the droplet expo-

sure time (with W™ assumed constant at an average value) gives the following relation
between x and t:

v v
g =L Way* =25l ) inly 4 1 - —SKl), (C10)
Vm ,%,1 m,x,1

where

23Pm 1%D,1 x
= 1 W * __mJ_J___
( + av) 80, 31

r=(1+w 3%Pm,1°p,1 Vmx, 1
av / 8pl I‘l

Equation (C10) is applicable for forward injection, that is, where Vd x,1 # 0. For the
RAM B2 injection configuration it is assumed that Vd x,1 7 0 and equat1on (C10) reduces
to

x=7-1n(l+7)
For the range of conditions of interest, this expression can be closely approximated by
x = arP (C11)

where a=0.313 and b = 1.74. Substitution of t from equation (C11) into equation (C8)
gives the following relation for Ng /Ne,l:

(1-b)/b . 1/b
Ne _ exp|- —3 J\3CDL1\ me Ve 1 (1 LWt )(z-b)/b(ﬁr_n_’_ﬁ) .| (c12)
Ne 1 4a1/o\ 8 / pm,lvm,lAm,l Vin,1 ay) Prr1

where W,y " is obtained from equation (5) with Ay ., €valuated at an average value

of x between the injection point and the antenna site. The value of Am 1 however, is
b

taken as the spray cross-sectional area at the injection site (x = 0). For this purpose a

correlating equation for the spray penetration on a sphere-cone shape, similar to an
equation in reference 18,has been obtained:

60 SO
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0.5
y _ —q.&\0
max _ 1 5670-2%(% , 3705
do do

This equation represents a reasonable compromise for injection of water and liquid
nitrogen. In particular, the penetration predicted by this equation for x =0 1is in good
agreement with wind-tunnel data of the type presented in reference 18. As in refer-
ence 11, the spray area is then computed as

so that
_ 2
Am,l = 1.155d0 V

Values of Am,l and other quantities required in equation (C12) are listed in table III.
The values of N, | are based on reflectometer measurements obtained during the

b
RAM B3 flight (ref. 32).
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A
TABLE I.- RECEIVING SYSTEMS FOR RAM B2 MISSION

Receiver | Receiver Antenna | Antenna Figure of
Location frequency, | bandwidth, | polarization | gain, signal-strength
Mc ke (a) dB plot
Wallops
Fixed-1 244.3 300 RCP 28
Fixed-2 244.3 300 LCP 18
Mobile 244.3 300 RCP 10 15
Mobile 244.3 16 RCP 10
Mobile 244.3 16 LCP 10
Fixed-1 225.7 300 RCP 28 15
Fixed-2 225.7 300 LCP 18
Mobile 225.7 300 RCP 10
Mobile 30.8 8 Linear 10 15
FPS-16 5690 Circular 43 20
X-band 9210 RCP 36
Langley
244.3 300 RCP 10
244.3 16 RCP 10 16
244,3 16 LCP 10
225.7 300 RCP 10 16
30.8 8 Linear 10 16
Coquina
244.3 300 RCP 10
244.3 16 RCP 10
244.3 16 LCp 10 17
225.7 300 RCP 10 17
30.8 8 Linear 10 17
9210 RCP 36 21
Range recoverer
244.3 300 RCP 18 18
225.7 300 LCP 10 18
Bermuda
Town Hill 244.3 300 RCP 18
Town Hill 244.3 300 LCP 18
Coopers 1. 244.3 300 RCP 18 19
Town Hill 225,7 300 RCP 18
Town Hill 225.7 300 LCP 18 19
Coopers 1. 225.7 300 LCP 18
Coopers 1. 30.8 Linear 2
FPS-16 5690 Circular 43
X-band 9210 RCP 36

4The abbreviation RCP means right circular polarization, and LCP means

left circular polarization.

RGNS Sinkin
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TABLE II.- SAMPLE CALCULATIONS FOR ADJUSTED
RECOVERY SIGNAL LEVEL AND W*

I:Coquina Station; 244.3 Mc; figure 14(bﬂ

rime, | Signal| space [Adiusted | Flowrate |
Status of system sec leéz%l, flgna.l level, w
B e_‘é%’ -dB  |[lbm/sec |kg/sec
Pre-attenuation 100.2| 15 15 0 0 0 0
Pre-injection 109.7| 32 17 0 0 0
No injection 112.27 35 20 0 0 0
Stagnation injection | 114.0| 14 14 0
No injection 114.9) 36 22 0 0 0
Side injection 115.6 | 22 8 .20 .09 | .108
Cycle 2 115.9{ 20 6 .35 .16 | .19
116.2| 18.5 4.5 .52 .23 .27
116.5| 17 3 .65 29 | .35
116.9 | 16 2 .82 37 | 455
117.2{ 15 1 .94 .42 | 515
117.4| 15 1 1.05 47 | .57
No injection 118.3 | 44 0 0 0
Stagnation injection |120.0} 15 15 0
No injection 121.3 [>50 >35 0 0 0
Side injection 121.7| 26 11 17 .08 | .112
Cycle 3 122.0 | 22.5 7.5 .30 13 | 196
122.3| 19.5 4.5 .45 .20 | .295
122.6 | 18.5 3.5 .55 .25 | .36
122.9 ) 18.25 3.25 .10 31 | .46
123.3 | 18.25 3.25 .80 .36 .525
123.5| 19.0 4.0 .93 42 .61
No injection 124.4 {>50 >35 0 0 0
Stagnation injection |126.5( 18 18 0
o )
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TABLE IIl.- VALUES USED TO COMPUTE VARIATION OF fc FOR FIGURE 31

Trajectory time
Altitude

............

.................

115 sec

157 000 ft (47.8 km)
16 900 ft/sec

(5.2 km/sec)

2.21 x 10-9 ft

(6.7 microns)

9.39 x 10~ Ibm/ft3
(1.5 x 10~3 kg/m3)
2.52

7290° R (4050° K)
10 100 ft/sec

(3.1 km/sec)

0.20

0.0066 ft2 (0.0006 m2)
7.6 x 1011 ¢/cm3
0.1 lbm/sec

(0.05 kg/sec)

145 sec

210 000 ft (64.0 km)
17 650 ft/sec

(5.4 km/sec)

3.45x 10-5 1t

(10.7 microns)

1.44 x 105 1bm/£t3
(2.3 x 10-4 kg/m3)
2.54

7480° R (4160° K)
10 400 ft/sec

(3.2 km/sec)

0.30

0.028 ft2 (0.003 m2)
2.5x 1011 ¢/cm3
0.06 1bm/sec

(0.03 kg/sec)

165 sec

235 000 ft (71.6 km)
17 500 ft/sec

(5.3 km/sec)

4.54 X 10-5 1t

(13.8 microns)

0.542 x 10-5 1bm/ft3
(8.6 x 10-5 kg/m3)
2.59

7370° R (4090° K)
10 000 ft/sec

(3.0 km/sec)

0.55

0.054 ft2 (0.005 m2)
2.0 x 1011 ¢/cm3
0.04 1bm/sec

(0.02 kg/sec)
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TABLE IV.- PARAMETERS IN DROPLET
DRAG COEFFICIENT EXPRESSION

70

M CD,C CD,FM A n
0.5 0.520 7.80 0.315 0.410
.6 .551 6.50 .240 .460
i .586 5.57 .182 .500
.8 .625 4,92 141 .545
.9 .666 4.45 .110 .590
1.0 L7112 4.10 090 .620
1.2 .801 3.60 .065 .670
1.4 .880 3.23 .055 .690
1.6 929 2.98 .049 L7110
1.8 .955 2.80 047 L7115
2.0 971 2.68 .046 720
2.4 981 2.48 .0455 125
2.8 .969 2.36 .0455 725
3.2 .949 2.28 .0453 730
4 919 2.17 .0452 7130
5 910 2.10 .0451 135
6 910 2.05 .0449 135
8 910 2.02 .0448 140
10 .910 2.00 .0447 .45
12 910 2.00 .0447 145

DN
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{c) Patterns for 225.7-Mc antenna.

Concluded.

Figure 4.-
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Figure 8.- Arrangement of ports in rotary valve and resulting idealized injection flow.
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Figure 13.- Water efflux velocity at exit of orifices.
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Figure 15.- Selected signal-strength record for Wallops Station.
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Figure 23.- Variation in stagnation-point-injection parameters.
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Figure 31.- Variation of recombination efficiency factor f. with altitude for various computational methods. x = 2 ft (0.6 m).

QSRR

UNCLASSIFIED

117



00¢

o6l

o8l

JUBIIY 78 WYY 40} PAJNdWoD Se awi) yym Az
z

OLI

4

:v o uoneliep -'2¢ ainbi4

09S ‘'younp| WwoJy Wi}
091 ocl

Oobl )% o<l ell

00l

o'l

2l

vl

118

-1ED

-

P

)

UNCLAS




D

Ll

L.

by/r

PEESTITES

(M g006) ¥ o006 = #41 Joj pauleqo se (Jie o} JodeA i3jem o oljed ssew) M JO S3NJeA SNOLIBA I0) aunjesadwa) ypm Adjeyjua Jo uopjeriep - 'gg 8anbid

(Qu/N L'0g) wie o000 = d (@) (/N 9°905) wie 5000 = d (®)

do 'L Yo 'L
r 00M2| ol 8 9 b 2 o]

¥ 117
7 (diEN
]

w
©
<

oNxel ol

%

<

n

SRR,

a)
N

25
ooodao
@
o)
X,
~

119

'UNCLASSIFIED




O NCLASS! Iz

4 -4
~¢— p, ot 70° F| (294 °K)
2 :\ do
IO-2 \\\ ] |O3
s i
\ \ o,
sl— e
s Pav
a P2 -4
p, atm
2 \ -2
1073 AN 02
8| \ -8
6f— -6
i \ |
2 «Jz
1074 - 10’
110 120 130 140 150 160 170 180 190
Time from launch, sec
Figure 34.- Typical flow-field pressure for RAM B2 flight based on normalized pressure coefficients of Cpa = .06,
Cp,av = 0.044, and Cp2 = 0.021. (See ref. 38.)
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Figure 35.- Electron concentration for equilibrium mixtures of air and water vapor.
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{a) Maximum body drag corresponding to small injection rates.

Figure 37.- Comparison of computed flow rates with actual flow rates for injection from stagnation nozzles.
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{b) Minimum body drag corresponding to large ratios of injected momentum to stream momentum.

Figure 37.- Concluded.
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Figure 38.- Comparison of computed water flow rates with actual flow rates for side injection. The numbers are values of W*
obtained for specified temperatures.
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Figure 38.- Concluded.
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